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Two aspects of the physioloGY of thermophilic fungi 
have been investicated, their nitro~en nutrition and lipid 
cor!lposi tion. The main experimental material W~G the phycomycete 
funsus hucor pusillus. 
~reliminary experiments indicated that h. pusillus 
grew and spored well in still culture at 45~50o, on a synthetic 
medium containinG a nitrogen source at a concentration of 
250mg. Nil. and a carbon source at 20g./l. These' culture 
conditions were used in a study of the effect of different nitrogen 
sources on the growth and sporulation of this fungus. Nutritionally, 
M. pusillus proved extremely versatile, being able to grow and 
spore on a wide range of inorganic and organic nitrogen sources. 
The fatty acid composition of the mycelial lipids of 
psychrophilic, mesophilic, thermotolerant and thermophilic 'fungi 
in the Mucorales was studied by gas-liquid chromatography (GLC), 
while the individual fatty acids were identified by combined mas. 
spectrometry and gas chromatography. The lipids of thermophilic 
and thermotolerant fungi were found to be more saturated than those 
of psychrophilic and mesophilic fungi. 
The effect of various environmental factors on the fatty 
acid composition of the lipids of M. pusil~us were also studie4 
by GLe. The mycelial lipids were found to be more unsaturated 
,-,hen the fungus W8.S grown at a lower temperature, or when the 
ni trol~-en content of the medium was increased; increasing the 
carbon concentration of the medium resulted in increas~d synthesis 
of mycelial lipids. Electrometric determination of the oxygen 
partial pressure (p02) in the medium of cultures of M. pusillus 
o 
showed treat at 50 the fungus grew under almost completely 
anaerobic conditions, and the possibility that the oxygen 
concentration may limit the biosynthesis of unsaturated fatty 
acids was investigated. Increasing the oxygen concentration of 
the gas phase above growing surface cultures resulted in only 
small increases in the degree of lipid unsaturation, and it is 
considered that significant increases in lipid unsaturation 
would require highly aerated submerged culture conditions. 
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I N'l'RODUCTI ON • 
The simplest description of the term "thermophilic" 
is based on its literal derivation from the Greek, thermos 
meaning heat, and philos meaning loving, or having an affinity 
for. A thermophile is therefore an organism which has an 
affinity for temperatures higher than the normal, as distinct 
from a mesophile, which prefers a more moderate temperature, and 
a psychrophile which prefers a low temperature. It is more 
than one hundred years since the discovery of thermophilic 
micro-organisms; thermophiiy is now known to occur in the alga., 
bacteria, Actinomycetes and fungi. 
Historically, the first group of thermophilic micro-
organisms to be reported were algae growing in the geysers of 
California (Brewer 1S66). Thermophilic algae. the majority of 
which are members of the Cyanophyta (blue-green alpe) , have 
o 0 
optimum growth temperatures in the range 50 -75 (Brock and Brock 
1966, Brock 1967). 
(1886) • 
The first report of a thermophilic fungus was by Lindt 
In the fungi the thermophilic habit appears to be 
restricted to members of the Phycomycetes, Ascomycetes and Fungi 
Imperfecti; no thermophilic basidiomycete fungus has yet been 
isolated. Thermophily is less well developed in the fungi 
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than in other micro-organisms, and the maximum growth temperature 
reported for fungi is 600 (Cooney and Emerson 1964, ::iumner, Horgan 
and bvans in press). 
The first discovery of a thermophilic bacterium is 
attributed to Hique~ (1888). The majority of thermophilic 
bacteria are members of the genus Bacillus, though thermophily 
also occurs in members of several other groups. Thermophilic 
bacteria grow well in the temperature range 500 _700 (Allen, 1953), 
as also do thermophilic uctinomycetes (Erikson 1955). 
There is some controversy regarding the maximum 
temperature for the growth of micro-organisms. ~"orking wi th 
blue-green algae, Kempner (1963) reported an upper temperature 
limit of 730 • There is evidence however that the upper 
temperature for bacterial growth is considerably in excess of 
this figure. Copeland (1936) has repor~;profuse bacterial 
growth in hot springs of the Yellowstone National Park at 85-880 , 
and Zobell and Johnson (1949) consider that bacteria in oil well 
brines may grow at temperatures around 100°. 
Since thermophily has developed more strongly in the algae, 
bacteria and Actinomyeetes than in the fungi, it is necessary to 
use different temperature criteria in order to define. 
thermophilic fungus. The most widely accepted definition ia 
that of Cooney and Emerson (1964), which atates that -. theraophili. 
- 3 -
fungus is one that has a maximum temperature for growth at or 
above 500 and a minimum temperature for growth at or above 20°". 
Cooney and Emerson consider that a thermotolerant fungus is one 
which has a maximum growth temperature around 50°, but has a 
° minimum temperature for growth below 20 • 
There have been a large number of studies directed 
towards discovering the physiological bases of thermophily; 
the subject has been extensively reviewed by Gaughran (1947), 
Allen (1953), Koffler (1957), Ingraham (1962), Langridge (1963), 
Cooney and Emerson (1964), Farrell and Rose (1967) and Campbell 
and Pace (1968). In general, studies have been concentrated on 
the temperature-labile molecules of the cell, e.g. nucleic acids, 
proteins and lipids. Much of the available data have been 
obtained from stUdies with thermophilic bacteria, in particular 
with Bacillus steanothermophilus and these results are broadly 
applicable to other micro-organisms. 
Several comparisons of the heat stability of nucleic 
acids from thermophilic and mesophilic bacteria have been made. 
The "melting" temperatures (T ) and the base compositions of 
m 
the DNA of thermophilic bacteria have been found to be siailar 
to those of mesophilic bacteria (Marmur 1960, Walker and Caapbe11 
1965, Saunders and Campbell 1966, Pace and Campbell 1967). In 
addition a comparison of the heat stability of the RNA of the 
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mesophile Escherichia coli and the thermophile Bacillus 
stearothermophilus revealed no significant differences; the 
similarities in thermal stability of the RNA of these organisms 
applied both to the soluble RNA (S-RNA) (Arca 1964, Saunders and 
Campbell 1966, Friedman and ~.Jeinstein 1966) and to the ribosomal 
RNA (r-RNAXMangiatini et !!. 1962, 1965, Saunders and Campbell 
1966) • 
However it is interesting to note that in 
B. stearothermophilus the ribosomes themselves were more heat 
stable than the ribosomes of E. coli; a fact supported by 
experiments on the effect of temperature on amino acid 
incorporation (Friedman and Weinstein 1966, and Friedman !! !!. 
1967), and also by thermal denaturation experiments 
(Mangiatini !!!!. 1962, 1965, Saunders and Campbell 1966, 
Pace and Campbell 1967, Stenesh and Yang 1967,Stenesh and Holazo 
1967, Friedman !i!!. 1967). In a study involving 19 selected 
organisms which included psychrophiles, mesophiles and 
thermophiles, Pace and Campbell (1967) found a positive 
relationship between melting temperature of the riboso.es and 
the maximum growth temperature of the organism. 
The reasons for the increased heat stability of the 
ribosomes of thermophiles are not known, though in Yiew o~ the 
fact that the r-RNA species from B. stearothermophilus and 
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E. coli are almost equally thermostable, enhanced stability 
of thermophile ribosomes is not attributable to the nucleic 
acid portion of the organelle. Moreover, since a comparison 
of the total amino acid composition of B. stearothermophilus 
ribosomes with that reported for E. coli ribosomes (Spahr 1962) 
showed no significant differences, the protein composition 
of the ribosome is unlikely to be responsible for the heat 
stability of the organelle. 
Campbell and Pace (1968) consider that in the intact 
ribosome, thermal stability may depend on the fine structure 
of the RNA - protein interaction, and suggest also that the 
primary structure of the ribosome proteins may be important 
in this regard. 
A great deal of controversy has resulted from the view 
of Setchell (1903) that the existence of thermophilie 
micro-organisms at the extremely high temperatures of hot 
springs must involve some intrinsic difference between their 
proteins and the proteins of mesophiles. There is a considerable 
amount of evidence in support of this view, and an impressive 
number of enzymes have been extracted which are more heat stable 
when derived from thermophiles than when derived from mesophile •• 
However, as the majority of these experiments were carried out 
- 6 -
with crude cell extracts it was not possible to state 
unequivocally that the enzymes examined were intrinsically heat 
stable; for heat stability might have been due to the presence 
of protective factors in the cell extract. In this connection 
a number of sUbstrate-protected enzymes have been isolated 
which are inactivated at their temperature of production in the 
absence of substrate, e.g. isocitrate lyase (Daron 1967) and 
certain membrane bound enzymes (Downey, Georgi and Militzer 1962). 
An intensive study has been carried out involving 
purification and crystallisation, of an extracellulare<-amylas. 
from B. stearothermophilus (Manning and Campbell 1961, Manning, 
Campbell and Foster 1961, Campbell and Manning 1961, Campbell and 
Cleveland 1961). Crystalline O<-amylase was found to be 
extremely heat stable, having an optimum temperature for starch 
hydrolysis between 550 and 700 • Crystalline glyceraldehyd.-3~ 
phosphate dehydrogenase isolated from B. stearothermophilus 
has also been found to be thermostable (Amelunxen 1966, 1967). 
This is convincing evidence that the pure enzyme is heat-stable, 
since there is little possibility of it being protected by 
extraneous material. 
The flagella of bacteria, since they consist almost 
entirely of pure proteins (flagellins) have proved useful 
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material for studies on thermostability of non-enzymic 
proteins (Koffler 1957, Koffler, Mallett and Adye 1957). 
Koffler et al. (1957) found that flagellins were more heat 
--
resistant when derived from a thermophilic Bacillus sp. 
than from the mesophile E. coli. These investigators consider 
that the greater stability of thermophile flagellins may be due 
to more numerous and more strategically sited hydrogen bonds, 
compared with the mesophile flagellins. A similar conclusion 
WaS reached by Amelunxen (1967) who demonstrated greater 
resistance to structural change (as caused by disruption of 
hydrogen bonding in 8.0 M urea) of glyceraldehyde-3-phosphate 
dehydrogenase obtained from B. stearothermophilus compared 
with the same enzyme crystallised from rabbit muscle. 
There is, therefore, an abundance of evidence to 
support the view that the cell proteins of thermophiles are 
relatively more heat stable than their counterparts in 
mesophiles and psychrophiles. On the other hand there is some 
evidence to support an alternate hypothesis of thermophily, 
the "dynamic" hypothesis, in which thermophily is dependent 
on a capacity for rapid resynthesis of inactivated cell 
components (Gaughran 1947, Allen 1953). 
- 8 -
The'tlynamic" or "rapid resynthesis" hypothesis is 
based upon two pieces of evidence. The first is the finding 
that certain enzymes of thermophiles are not heat resistant. 
Secondly, the fact that at high temperatures thermophiles tend 
to require increasingly complex nutrients is taken as evidence 
that at high temperatures thermophiles require more ready-made 
building blocks for rapid enzyme resynthesis (Allen 1950, 
Baker !i!!. 1953, 1955). 
Rapid resynthesis depends on a high "turnover" of 
those cellular components which are thermolabile - proteins 
and nucleic acids. In an investigation of the turnover of 
protein and nucleic acid in B. stearothermophilus and E. Coli 
(~ubela and Holdsworth 1966) it was found that at 400 
B. stearothermophilus had a more rapid protein and nucleic 
acid turnover than E. coli. In the thermophile, protein 
turnover became more rapid as the temperature was increa8e~ 
being 5-10 times more rapid at 630 than at 400 ; the rate of 
nucleic acid turnover did not increase as the temperature was 
raised. This investigation also showed that in 
B. stearothermophilus,amino acid accumulation, and incorporation 
of uracil into RNA proceeded very slowly below 400 • It may be 
- 9 -
therefore, that thermophiles are unable to grow at lower 
temperatures because the low rates of RNA synthesis and 
consequentially of protein synthesis. 
It is possible that the ability to grow at high 
temperatures is influenced not only by the enhanced thermo-
stability of certain cell components but also by the rapid 
turnover of cellular protein. 
Temperature has a marked effect on the physical and 
chemical properties of the cellular lipids, which has led to 
the idea that the lipid composition may influence the 
temperature range for growth of micro-organisms. Gaughran 
(l947a) has suggested th~t cells cannot grow at temperatures 
below the solidification point of their lipids (lipid solidi-
fication theory) and Heilbrunn (1924) and Belehradek (1931) 
proposed that at high temperatures melting of lipids destroys 
essential cell structures. Therefore according to the 'lipid' 
concepts the minimum growth temperature of the organism is 
decided by the temperature at which some lipid component. 
solidify and its maximum by that temperature at which other 
lipid components melt. 
Apart from storage lipids, which may have only a 
temporary presence, cellular lipids are located mainly in the 
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membrane systems. Membranes, besides providing an internal 
framework for the spatial arrangement of organelles within 
the cell, are also active in the transport of solutes into 
and out of the cell. The most important lipids of bacterial 
cell membranes are phospholipids (Lennarz 1966, Chapman 1967). 
Phospholipids can exist in either of two physical states, 
liquid or crystalline, depending on the freezing points of 
their fatty acid side chains (Byrne and Chapman 1964). 
Unsaturated fatty acids have a lower freezing point than 
saturated fatty acids, and the presence of unsaturated fatty 
acid side chains lowers the freezing point of phospholipids 
(Byrne and Chapman 1964). 
These findings can be linked with the observations 
that in poikilothermic organisms, the lipids formed at low 
temperatures are more unsaturated and therefore presumably more 
liquid than lipids formed at higher temperatures (Terroine 
!! !!.1927, 1930; Pearson and Raper 1927, Gaughran 1947&, 
Johnson 1957, Kates and Baxter 1962 and Marr and Ingraham 1962). 
However, Marr and Ingraham found that the fatty acid composition 
of E. Coli could also be influenced by chanLes in the 
concentration of nutrients in the culture medium. These 
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investigators concluded that there was no direct relation 
between the fatty acid composition of the bacterium anu the 
incubation temperature, and therefore that the fatty acid 
composition does not determine the minimum temperature for 
growth. Investigations of the lipid composition of 
thermophilic bacteria have tended to support the conclusions 
of Marr and Ingraham. An extension of the 'lipid 
solidification' theory might lead one to predict that 
thermophiles would have high proportions of saturated fatty 
acids and a low degree of lipid unsaturation. However Gaughran 
(1947a)found that increasing the temperature had little effect 
on the degree of unsaturation of the lipids of a thermophilic 
Bacillus sp. and Long and Williams (1960) found that the 
lipids of spores of B. stearothermophilus became more unsaturated 
at higher temperatures. 
It is possible to sum up the evidence presented above 
by listing a number of factors which may enable thermophiles 
to live at high temperatures, e.g. high levels of thermostability 
of ribosomes and enzymic and non-enzymic proteins; increased 
rates of protein and nucleic acid turnover which may or may not 
be associated with a loss of metabolic activity as .. en by 
- 12 -
increased nutrient requirements at hieh temperature. No 
inform~tion could be found in the literature to indicate 
whether evolution of the thermophilic habit has involved 
adaptive chan,oes in the fatty acid composition of the lipids. 
It must be emphasised that almost without exception 
the investigations into tile biochemical basis of thermophily 
so far mentioned have been performed with thermophilic bacteria. 
Comparable information for thermophilic fungi is restricted to 
the investigations of lipase and acid protease activities of 
Hucor pusillus (.3omkuti and Babel 1968, 1968a, 1968b) in 
which it was found that both enzymes had an optimum temperature 
of about 550 though above this temferature loss of activity was 
extremely rapid. 
It was considered that there were two main areas in 
which research with thermophilic fungi would be profitable, 
firstly, a study of the effect of nutrition on the growth and 
sporulation of a thermophilic fungus grown near its maximum 
temperature, and secondly an investigation of the fatty acid 
composition of thermophilic fungi. 
A study on the nutrition of a thermophilic fungus 
commended itself for two reasons. Firstly, only recently haa 
it become realised that thermophilic and thermotolerant fungi 
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are of widespread ecological occurrence. In ad~ition to the 
habitats listed by Cooney and Emerson (1964, pabes 122 and 123) 
thermophilic fungi have been isolated from the cooling towers of 
power stations and still-warm coal spoil tips (~umner, Morgan 
and Evans in press), city rubbish (Von Klotopek 1962) and birds 
nests (Apinis and Pugh, 1967). In addition, thermophilic 
fungi are of importance economically in composting and the 
self-heating of stored agricultural products (Fergus 1962, 
Cooney and Emerson 1964, Hudson and Yung Chang 1967). Indeed, 
Fergus (1962) has stated of thermophilic fungi "studies of their 
nutrition and enzyme activities in chemically defined media with 
single carbon and nitrogen sources would help to elucidate their 
action and importance in the degradation of complex organic 
debris in nature". 
Secondly it is known that at high temperatures the 
nutrient requirements of micro-organisms become more complex 
than at lower temperatures. This is taken as evidence for 
the loss of metabolic activity due to enzyme inactivation, 
growth occurring only if the end-product of the inactivated 
enzyme-catalysed reaction is exogenously supplied. Langridge 
(1963) cites ample evidence for the loss of metabolic activity 
in B. stearothermophilus grown at high temperatures; no 
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comparable date could be found in the literature concerning 
t~ermophilic fungi. 
As mentioned earlier, very little is known about the 
composition of the lipids of thermophile. and for this reason 
it was considered that a study of the fatty acid composition 
in psychrophiles, mesophiles and thermophiles growing at 
their optimum temperatures would be useful. 
The main experimental material used throughout this 
investigation was Mucor pusi11us Lindt. Taxonomically this 
fungus is a member of the zygomycete family in the Class 
Phycomycetes; a complete taxonomic account is given by 
Emerson and Cooney (1964). Physiiogically, M. pusi11us is a 
true thermophile, based on the definitioD~by Cooney and 
Emerson, and it grows well in both shake and still culture in 
a simple, chemically defined medium without growth factors. 
In addition the nutrition and lipid composition of several 
mesophilic fungi in the Mucoraceae have also been studied, 
thus providing useful data for comparative purposes. 
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CHAlTER I. NATERIALS AND METHODS. 
1.1 Chemicals. 
Wberever possible chemicals used were of A.R. grade, 
or of the highest purity available commercially. Solvents were 
not redistilled except where specifically stated. Amino acids 
were Biochemical grade (chromatographically homogeneous) supplied 
by British Drug Houses Ltd., Poole, Dorset; BF3/methanol reagent, 
Florisil, glycerol tristearate, glycerol monostearate, 
cholesterol stearate and cholesterol were also supplied by 
B.D.H. Ltd. Fatty acid methyl esters (99% pure by GLC) were 
purchased from Fluka A.G., Buchs, Switz. Diethyleneglycolsuccinate 
and chromosorb G were supplied by Varian Aerograph Ltd.,Wythenshawe, 
Manchester, England. Davison's silica was obtained from Koch-Lite 
Laboratories Ltd., Colnbrook, Bucks., and Kieselgel PF254 from 
Merck A.G., Darmstadt. 
1.2 Organisms. 
Of the organisms used in this investiGation the following 
were obtained from the Commonwealth Mycological Institute, Kew, 
England: 
Mucor l2usillus Lindt. (IMI. 71629). 
Mucor ramannianus Moller. (lMI. 35044 a). 
Mucor racemosua Fresen. (IMI. 1037,a). 
Mucor hielDalis (+) vlehm. (lMl. 21216). 
Mucor hiemalis (-) Wehm. (lMI. 21217). 
Mucor mucedo Auct. (lMI. 103731). 
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Three isolates of Mucor strictus and two strains of 
Mucor oblongisporus were obtained from Centraal Bureau voor 
Schimmelcultures, Baarn, The Netherlands: 
Mucor strictua Hagem. (CBS. 100.66) 
" " " 
(CBS. 575.66) 
" " " 
(CBS. 576.66) 
Mucor oblongisporus Naoumoff. (CBS. 173.27) 
" " " 
(CBS. 220.29) 
In addition a number of thermophilic and thermotolerant 
fungi were isolated and made available by Mr. H.C. Evans of 
this department. These species were isolated in the locality 
of The University of Keele, Newcastle, Staffs' 
Mucor sp. 1 (isolated from coal waste tip). 
Mucor sp. 2 (isolated from cow dung). 
Mucor sp. 3 (isolated from coal waste tip). 
Rhizopus sp. 1 (isolated from horse dung). 
RhizoEuS sp. 2 (isolated from cooling tower of a power station). 
RhizoEuS sp. 3 (isolated from coal waste tip). 
All species were maintained on potato-dextrose agar 
slopes and subcultured monthly. 
-~-
1.3 Methods of Culture. 
(1946). 
The culture medium was similar to that of Brian et ale 
The basic medium contained per litre of deionised water: 
KH2P04 
Mg304 0 7H20 
Minor element solution 
1.Og. 
O.5g. 
1.Oml. 
The minor element solution contained, per litre of 
de ionised water: 
Fe304•7H20 
CuS04· 5H20 
ZnS04· 7H20 
O.lOOg. 
O.OI5g. 
O.IOOg. 
MnS04.4H20 O.lOOg. 
KMo04 O.OlOg. 
Various nitrogen and carbon sources were added in specific 
concentrations to the basic medium; full details of these additions 
will be given in the appropriate experimental sections. 
The initial pH of culture media was adjusted to 6.0-6.5 
with IN.NaOH. In some experiments sodium succinate (5g./l.) 
was included to increase the buffering capacity of the culture 
medium (Morton and MacMillan 1954). 
Generally, media were sterilised by autoclaving at 
15 lb./in.2 for 15 min. However, where proteina, peptide., 
tryptophan, cystine or urea were used as sources of nitrog •• , 
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these media were sterilised by filtration through a sterile 
membrane (0.2, diameter pores) to prevent thermal decomposition. 
Inocula were grown for 7-21 days on potato-dextrose agar 
slopes dispensed in flat medicine bottles. Spore suspensions were 
obtained by washing the cultures in ice-cold sterile deionised 
water and diluting with sterile water to a concentration of 
-6 1.5-2.0 x 10 spores/ml. (by haemacytometer count). 
1.4 Types of Experiment. 
1.41 Still Culture. 
1.411 Nutrition Experiments. Culture medium (20 mI.) 
was dispensed into wide-neqked 100 ml. Erlenmeyer flasks, plugged 
with non-absorbent cotton wool and sterilised. The flasks were 
inoculated with 1 mI. of standard spore suspension and incubated 
at the required temperature. Replicate flasks (usually 5) were 
harvested at suitable time intervals, the mycelium filtered 
off, washed with deionised water, dried and weighed. The culture 
filtrate was analysed for residual nitrogen content, and the pH 
determined. 
1.412 Lipid Experiments. Culture medium (200 ml.) 
was dispensed into 750 ml. Erlenmeyer flasks and sterilised. The 
flasks were each inoculated with 5 ml. of standard spore suspension 
and incubated at the requ~red temperatures. Replicate flaaka 
(usually 3) were harvested at suitable time intervals, the mycelium 
filtered off, washed and dried before extraction of the lipid. 
1.42 Shake Culture. Inoculated flasks were incubated 
on a reciprocating shw{er which gave 90 strokes/min. each stroke 
comprising a 4 in. movement. Cultures were placed in a compart-
ment constructed of "Marinite" asbestos sheet and insulated by a 
laminate of 1 in. polystyrene. 'llhis compartment could be heated 
o to any temperature from ambient to 55 • The nichrome wire heaters 
were situated in the floor of the incubation cabinet and alloy 
paddles hanging immediately above the heaters effectively dispersed 
heat as the cabinet moved back and forth. A heat gradient of 
1_20 existed between the floor and the roof of the cabinet. The 
incubation cabinet was designed to receive up to one hundred 100 ml. 
conical flasks or thirty 750 ml. conical flasks. 
1.43 Solid Culture. Sterile culture medium containing 
~/o agar was poured into sterile plastic petri dishes (8.5 cm. 
diameter) • A small amount of inoculum was transferred by sterile 
wire and the plates incubated at the selected temperature. 
1.5 Measurement of Growth. 
1.51 Dry weight. The dry weight was determined by 
filtering mycelium through a tared sintered glass disc (A.G. 
Gallenkamp Ltd. Grade I). The resulting mycelial pad was washed 
with deionised water, dried overnight in an oven at 800 and weighed 
after cooling to room temperature in a desiccator. The mycelial 
weight was expressed as mg. dry weight/ml. of culture mediua. 
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In certain circumstances it proved more convenient to 
describe growth in terms of "cumulative growth". A value fbr 
"cumulative growth" was obtained by summinG the dry weight 
measurements obtained at individual harvests of a time-course 
experiment. e.g. the following dry weight values for the 
growth of M. pusillus after various incubation periods are 
summed and growth expressed as "cumulative growth": 
time of harvest (hours) 
dry weight (mg./ml.). 
24, 48, 72, 96, 120. 
1.0, 2.0, 3.0, 4.0, 4.0. 
"cumulative growth" = 14.0 
1.52 Colony Diameter. On petri dishes, linear growth 
in cm. was measured as the colony diameter. Where the colony was 
not circular in shape the long and short axes were measured and 
the avera,e taken as the measure of growth. 
1.6 Measurement of Sporulation. 
In some experiments the number of spores produced by the 
organism was measured. The mycelial mats were carefully removed 
from the harvested Erlenmeyer flask, transferred to a 250 ml. 
round-bottom flask containing 50 ml. of 0.5% (v.v.) aqueou8 
solution of "Teepol" and shaken for 15 minutes at high speed on 
a microid wrist-action shaker. The mycelial mat was removed 
and retained for dry weight determination. The spore suspension 
was made up to 100 ml. with deionised water and the spore density 
calculated usinG a haemacytometer chamber in which 80 small 
squares were counted. The density of each spore suspension was 
the aver~ge value of three such spore counts. Sporulation was 
expressed either as the number of spores/ml. medium, or as 
"sporulation index" which is the number of spores (in millions) 
mg./dry weight mycelium. 
The term "cumulative sporulation" was also used. This 
value was derived by summing the sporulation counts recorded at 
individual harvests during a time-course experiment. Where an 
assessment of the density of sporulation per unit weight of 
mycelium over the entire incubation period was required, the 
results were expressed as the "cumulative sporulation index". 
This value was obtained by summing the "sporulation indices" 
obtained at individual harvests throughout a time-course experiment. 
1.7 Analytical Methods. 
1.71 pH Measurements were made with a Pye Model 79 
bench pH meter using a glass-calomel electrode system. 
1.72 Determination of Partial Pressure of Oxygen (p02) 
of Culture Medium. 
the p02 of culture medium was determined electrometrical11 
using Astrup micro-equipment (Radiometer, Copenhagen) equipped 
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with an oxygen monitor (Type PHA.928) and oxygen electrode 
(Type E 5046). o Determinations were carried out either at 25 or 
500 , depending on the temperature at which the cultures had been 
incubated. The instrument was allowed to equilibrate at the 
required temperature for at least 1 hour before calibration. 
Calibration was carried out as follows: the oxygen electrode was 
first zero-ed using an oxygen-free solution of O.OIM borax 
solution containing a few crystals of sodium sulphite. The 
electrode was then calibrated using a solution of known p02; 
this solution was water saturated with air at the operating 
temperature. The p020f the solution was calculated using the 
formula: 
where B = barometric pressure in Mm. Hg. 
a = partial pressure of water vapour at the 
operating temperature. 
02% = ~j volume of oxygen in gas used for aeration 
(i.e. in air = 20.93%). The calibration of the oxygen electrode 
was checked periodically during the determinations by using the 
solution of known p02. Samples of culture medium were extracted 
from beneath the mycelial mat by using a disposable syringe with 
a fine needle. In each p02 determination two samples of culture 
medium were withdrawn; the first sample was used to dispel air 
bubbles trom the syringe, and the second sample was introduced into 
the oxygen electrode and used for the actual p02 determination. 
The electrode was flushed with distilled water between individual 
determinations. 
Water baths heated at 250 or 500 were used to maintain 
cultures awaiting p02 determination at the same temperature at which 
they had been incubated. On eaoh culture medium, p02 determination. 
were carried out in triplicate; partial pressure valuss were obtained 
as p02 (mm. Kg). 
The concentration of dissolved oxygen (~mOle/litre) was 
obtained from the p02 b,y use of Henry's Lawl 
X • p02 
T 
where X. Dissolved 02 in water expressed as the mole fraction. 
K • Henry's Law Constant. 
Valuas for K at various temperatures were obtained from the HandboOk 
of Chemistry and Physios (1949). 
IC250 • 3.25 
~o • 4.50 
Conoentration of dieaolved 02 (in r mole /1.) were then obtaine4 
from the mols traotion, assuming water oontains 55.5 .01e/1. 
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1.73 Total Nitrogen of both culture filtrates and ~celium 
was determined by the micro-Kjeldahl method. The sample was digested 
in I ml. Analar H2SO4 (nitrogen-free) containing a small amount of 
selenium dioxide to act as a catalyst. Digestion was continued for 
two hours after clearing, when the digest was transferred 
quantitatively to a Markham distillation unit, made alkaline with ~ 
NaOH solution and steam distilled. The ammonia liberated was absorbed 
in 10 mI. of 2% boric aoid oontaining Conway's mixed indicator 
(Conway 1947) and titrated with standard HCl. 
Conway's mixed indicator contained bromocresol green 
(33 mg.) and methyl red (66 mg.) dissolved in 100 Ill. 9~ ethanol. 
The boric acid absorbent containing Conw~'s mixed indicator was 
prepared by dissolving boriC acid (20g.) 1n 200 al. absolute ethanol 
plus 700 1Dl. deionised water, adding 10 Ill. Conway's lIued indioatol', 
and making solution up to 1 litre. 
1.74 Ammonia Nitrogen 1n culture filtrates was determined 
by the Conway micl'odiftusion method (Conway 1947). The culture 
filtrate (1 ml.) was added to the outer annulus of the Conway Unit, 
ana the ammonia liberated by the addition of N/2 lOR (1 111.) was 
absorbed 1n the oentral well into ~ boric acid (1 111.) contain1DB 
Conway mixed indicator. The amllonia in the central well was 
det81'mined by titration with ~/50 HG1. The microd1ftusion proces8 
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was generally allowed to proceed overnight. A blank determination 
was carried out containing distilled water (1 mI.) in the outer 
annulus instead of culture filtrate and subtracted from the total. 
To avoid confusion it should be pointed out that throughout 
this investigation the term "ammonia" is intended as a general term, 
synonymous with "ammonia-nitrogen"; it is not intended, except where 
stated, to specify only ammonia in the undissociated form. 
1.75 Nitrate Nitrogen was determined by the Conw~ 
microdiffusion method (Conw~ 1947). Nitrate in the culture filtrate 
was reduced to ammonia by the addition of O.l-O.Zg. powdered 
Devardals Allo,r. Microdiffusion, absorption and determination of 
ammonia was carried out exactly as described in Section 1.74. 
Preformed ammonia was also estimated under the same conditions without 
Devardals Alloy, and was subtracted, together with a Devardals Allqy 
blank containing distilled water, from the total. 
1.76 Nitrite Nitrogen in culture filtrates was determined 
by t~e Conway microditfusion method (Conway 1941), nitrite being 
reduced to ammonia by the addition of Devarda's al1qy. Preformed 
ammonia and a Devarda'a alloy blank were subtraoted from the total. 
1.17 The Deteotion of Amino Acids bZ Paper Chromatographl. 
Where single amino acids were used as nitrogen source their presence 
in the culture filtrate was determined by ascending paper 
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chromatography on Whatman Number 20 paper. The solvent system was 
n-butanol, acetic acid, water (100:25150 v./v.). After drying the 
developed chromatograms, the amino acids were detected by spraying 
the papers with a ninhydrin solution (O.l~ in 95% ethanol) and 
heating in an oven at 600 for 5 minutes. 
1.8 Lipid Techniques. 
1.81 Extraotion and Saponification of Lipids. The dried 
~celial mats were reduced in bulk by powdering in a small grinder. 
The grindiQg process was extremely rapid, contact time between ~celium 
and cutting surfaces being less than 1 sec. The powdered ~celium 
was immediately weighed into a tared extraction thimble, and extracted 
in a Saxhlet apparatus for 8 hr. with benzene and ethanol (5941257 v/v) 
( Shaw 1965). The quanti~ of crude lipid per sample was obtained q, 
difference between the weights of dried ~celium before and atter 
extraotion of the lipid. 
After the completion of extraotion the solvent was reduced to 
a small volume by evaporation under reduced pressure. To prevent 
oxidation of unsaturated fatty a01ds, oare was taken during the handling 
of all ~extracts to prevent undue exposure of lipid aaterial to air. 
In addition, extracts were usually analysed immediately after saponifica-
tion and methylation, when this was not pos8ible they were stored 1n 
the refrigerator. 
- 27 -
The crude {unbydrolysed) lipids were saponified by reflux1ng 
with 0.6 M methanolic KOH for I hr. ~he resulting potassium salts 
were aciditied with dil. HCI and the fatty acids extracted with diet~l 
ether. The fatty acids were converted to their met~l esters by 
boiling with BF3/methanol reagent {2 ml.) tor 2 min. {Metcalfe and 
Schmitz 1961). An equal volume of water was added and the meth71 
esters extracted with diet~l ether. 
1.ti2 Separation of LipidS, 
l.ti2l Column Chromatography. The procedure followed 
was similar to that of Shaw (1966). A slurry of Davison's Silica 
in benzene was packed into acbromatograpby tube (internal diameter 12 mm.) 
to give a column 10 mm. long and to whicb was added approximately )00 mg. 
crude lipid dissolved in benzene. The column was eluted with 
benzene (2 x 60 ml. fractions) followed by ethanol (2 x SO mi. 
fractions). Tbe benzene eluate was found, by thin-layer 
chromatography, to contain the neutral lipids and the ethanol eluate 
to contain the compound lipids. 
1.822 Thin Layer Chromatography (TLC) was used in 
one experiment only, to identify the components of the neutral and 
compound lipid fractions. Thin layer plates were prepared as 
follows: 
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silica gel (lOg.) was shaken with deionised water (20 ml.) for 
1-2 min. and then spread on the glass supports (20 cm. x 20 cm.) 
to give a l~er O.jmm. thick. Undulations were re.oved from the 
silica gel layer by gently rocking and tapping the plate from beneath. 
The plates were air-dried, then heated in an oven at 1100 for 30 min. 
and allowed to cool in a desiccator, where they were stored until 
required. Lipid extracts were applied to the thin layer plate 
with a fine capillary and the plates developed with hexane:diethyl 
ether:acetic acid (80:20:1 by vol.). After the plates had dried 
they were placed in a dry chromatograp~ tank containing a few 
crystals of iodine. The separated substances appeared as yellow-
brown spots on a light-yellow background. Individual lipid components 
were identified by comparison with authentic standards run on the 
same plates; the standards used were glycerol tristearate, 
glycerol monostearate, cholesterol stearate, cholesterol and 
palmitoleic acid. 
1.83 Gas-Liguid ChromatograpbY (ute). Kethyl esters 
were fractionated by GLC using glass oolumns (9ft. % ;tn.) packed 
with diethyleneglycolsuccinate (5~ w/w) on Chromosorb G 
(100-120 mesh). The columns were operated isothermally at 1750 in 
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a Pye Model 64 gas chromatograph with a flame ionisation detector. 
The flame ionisation detector was operated at )000 with a mixture of 
hydrogen (flowrate 35 ml./min.) and compressed air (flowrate 
* 550 ml./min.). The analyser amplification unit was used at 
sensitivities of 5 x 10-3 - 50 x 10-3• The detector signal was 
recorded on a potentiometer recorder (Kelvin Servoscribe Recorder 
10 mA) with a chart speed of 12 cm./hr. 
The peak area of each component fatty acid was calculated 
from the formula, 0.9 Area. height x width at half the height, 
measurements were made to. the centre of the chart line (Condal-~osch 
1964). Areas of all peaks were added and percentages of this total 
were calculated for each fatty acid. Prior to complete identification 
fatty acids were designated as XIY, where X represents the number 
of carbon atoms and Y represents the number of double bonds/molecule. 
1.84 Separation of Saturated and Unsaturated Fatty AliO Esters. 
Saturated and unsaturated esters were separated by treatiQg 
the mixed esters with mercuric acetate and chromatographiDg on a small 
Florisil column (Goldfine and Bloch 1961). The saturated esters were 
eluted with benzene, and the mercuric acetate adducta at the unsaturated 
eaters were eluted with 5~ acetic acid in ethanol. The adduote .ere 
decomposed with a mixture of 1 ml. cone. HOI and 5 ale water, the 
• The carrier gas was nitrogen, passing at 50 ml./min. 
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regenerated esters extracted with light petroleum, and gas 
chromatographed as an additional check on the identification of 
peaks due to unsaturated acids. 
1.85 Determination of Degree of Unsaturation of Fatty 
Acid Esters was carried out by chromatography of the complete mixture 
of fatty acid methyl esters on a small column (internal diameter 12 mm.) 
of Florisil impregnated with silver nitrate (Willner 1965). The 
column was coated with alumunium foil to prevent oxidation of AgIO), 
and care was taken to ensure that the column was always immersed in 
solvent, in order to prevent oxidation of unsaturated fat~ acid esters. 
Collection of eluate (5ml. fractions) was facilitated by using a 
Towers automatic fraction collector (MOdel A). The fatty acid 
coaposition of each 5th fraction was determined by GLe. 
esters were eluted in hexane, mono-unsaturated esters in 
Saturated 
O.5~5.0% (v./v.) ether in hexane, di-unsaturated esters in 1.~ (v./v.) 
ether in hexane, and tri-unsaturated esters in l5~ (v./v.) ether in hexane. 
1.86 Identification of Fatty Acid Eaters. The peaks were 
prOVisionally identified by comparison of retention times with those 
of authentic fatty acid met~l esters. Complete identification of 
fatty acid esters was obtained by combined Gte-mass spectrometr,y 
(see Section 6.12). 
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1.9 Replication and Accuracy of Results. With the exception 
of GLC all analytical procedures were carried out using triplicate 
samples. Individual results were usually within ~ of the mean; 
repeat analyses were made when results were more varied. In the 
case of GLC, each sample was ana~sed on one occasion. The aceuracy 
of the GLC methods emp1qyed in this investigation was tested by making 
six replicate analyses of the methyl esters of a mixture of fat~ acids 
extracted from Mucor pusillus. The results, expressed as 
+ means - S.D. are as follows: 
Fatty acid 
14:0 1.3 (! 0.1) 
16:0 25.6 (:!: 1.1) 
16:1 2.6 (! 0.3) 
18:0 8.1 (! 0.8) 
18:1 46.4 (! 2.1) 
18:2 13.8 (~ 0.9) 
18.3 2.2 (:!: 0.3) 
Degree of unsaturation 0.83 
The degree of unsaturation (number of double bonds/mole) was 
calculated as follows: 
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A suggestion that the extraction and saponification procedures used in 
this investigation might lead to extensive oxidation of unsaturated 
fatty acids was investigated as follows: cultures of M. pusillus 
were grown for 6 days on a glucose-ammonia medium when the ~celial 
mats from 20 culture flasks were removed and placed on paper towels 
to remove excess liquid. The mycelial mats were sorted at random 
into two groupe, each containing 10 mats. 
One group of mycelial mats was dried, and the lipids extracted, 
saponified and the fatty acid methylated exactly as described in 
Section l.~l. 'rhis procedure was designated Method A. 
The other group of ~celial mats were extracted and the lipids 
processed by Method B. In Method B the mycelium was frozen in 
liquid nitrogen ancl freeze-dried. freeze-dried mycelium was ground 
with a pestle and mortar, grindi~ being carried out beneath solvent 
(benzene:ethanol, 594:257 v./v.). The ground ~celium plus solvent 
was transferred to an extraction thimble in a Soxhlet apparatus and 
extracted for ij hours. The lipids were saponified and met~lated 
as in Method A (see Section 1.81), except that all evaporation ot 
solvents was carried out in a stream of nitrogen gas. 
The fatty acid met~l esters obtained by Method A and Method B 
were analysed by GLC. + Results are expressed as means - S.D. 
of three replicate analyses of each sample. 
- 33-
Fatty Acid. MethoLA. MethocL11.-
14:0 1.0 (! 0.1) 1.0 (! 0.0) 
16,0 22.6 (! 1.6) 23.5 (:!: 1.0) 
16:1 1.9 + (- 0.6) 1.9 (! 0.5) 
18:0 5.1 (! 1.0) 6.2 (! 0.2) 
Hh1 56.1 (! 1.9) 52.1 (! 0.9) 
18:2 11.9 (! 0.2) 13.1 (! 1.5) 
18:3 1.2 (! 0.1) 1.7 (! 0.1) 
Degree of 0.85 0.85 
Unsaturation 
The fat~ acid compositions of samples prepared by methods A and B 
were very similar and these results indicate that under the oonditions 
specified in Section 1.81, oxidation of unsaturated fatty acids did 
not reaoh a significant level. 
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CHAPTER 2. GROWTH RATES OF TEMPERATURE-ADAPTED FUNGI 
IN THE MUCORALES. 
The growth rates of some newly-isolated high tempera-
ture fungi were compared with those of mesophilic and 
psychrophilic species. Rate of growth was assessed by linear 
spread of the colony. 
2.1. Experimental procedure. Triplicate potato 
dextrose agar plates were inoculated and incubated at various 
temperature •• Colonies were measured as described in Section 1.52. 
2.2. Results. Growth rate curves are shown in 
Figure 1 and the temperature relations presented in Table 1. 
At their optimum temperatures thermophi1es an4 
thermotolerants covered the agar plate in 1-2 days Whilst 
mesophiles re~uired 4-9 days; psychrophiles had still not 
grown over the plate after 14 day •• 
The definition of Cooney and laerson (1964) that ". 
thermophilic fungus is one that has a aaxiaum teaperature tor 
growth at or above 500 C and a minimua temperature for growth 
at or above 20·C" i. used to distingui.h between theraophilic 
and thermotolerant fungi; a thermotolerant tungu. hu a 
minimua growth temperature below 200 C. .l psychrophilic 
o fungua is defined as one which grows well at 0 C within 0 •• 
week (Stokes 1963). 
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TABLE 1. Temperature relations of Psychrophilic, Mesophilic 
and T~eraophilic Fungi. 
(Growth temperature °C) • 
Organism Minimum Optimum Maximum Temperature 
status 
Mucor miehei 25 42-45 57 thermophilic 
Mucor sp.I 25 45 56 " 
Mucor sp.ll 25 42-45 55 It 
Rhizo;eua sp.lll 28 48-50 60 It 
Rhiz0l!ua ap.l 16 40-45 55 tileraotolerant 
Rhizo;eua ap.ll 16 40 50 " 
M. r,cemosua 8 20-25 35 •• aophilic. 
M. ramannianus 10 23-25 35 " 
M. mucedo 8 20 30 " 
M. hiemalia 8 20-25 35 " 
M. strictu. (100.66) 0 15-20 20 pa7chrophilic 
M. 8trictu. (575.66) 0 10-20 20 
" 
M. strictu. (575.66) 0 10-20 20 .. 
M. obloDsiaEorua(220.29) 0 ·10-20 25 .. 
M. ob1oD~i8Eoru8(173.27) 0 15-20 25 H 
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Fig.l. Growth rate curves showing increase in diametric growth at various incubation temperatures. 
(x axis : time (days); yaxis colony diameter (cm.» 
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CHAPTER 3. ENVIRONMENTAL FACTORS AFFECTING GROwTH AND 
SPORULATION OF MUCOR PUSILLUS. 
A number of preliminary experiments were carried out, 
the aim of which was to decide on suitable environaental con-
dition. for the .tudy of growth and sporulation of Mucor pusillus. 
Accordingly, the organism was grown on different concentrations 
of carbon and nitrogen source, at different temperatures and pH, 
and in still and shake culture. 
,.1 The Bffect of Concentration of Nitrogen Source. 
,.11 Experimental Procedure. ~ spore suspension of 
M. pusillus was prepared by the procedure described earlier, and 
used for the inoculation of flasks containing one of the follow-
ing media: 
(a) basic medium containing glucose (50 g./l.),sodiua 
succinate (5g./l.) and ammonium sulphate present at the following 
concentration., 125, 250, 500, 1000 mg.N/l. medium. 
(b) basic medium containing glucose (50 g./l.) and casein 
hydrolysate at the following concentrations, 40, 60, 120. 2;0, 
450 ag.N/l. mediua. 
Flasks were incubated at 480 and harvested at suitable 
time interval •• Th 1 '&1 t d did at 800 e myce 1 aa s were remove, r e 
overnight, cooled to roo. temperature in a desiccato~. an. 
weighed. The total nitrogen content of culture filtrate was 
determined by the micro Kjeldabl technique; the pH of culture 
filtrate was also deteraine4. 
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3.12 Results. 
3.121 Ammonium Sulphate. The results (Tables 2, 3, 4,5 and 
FiS 2) indicate that all four concentrations of nitrogen source 
supported good growth. A visual assessment of sporulation 
revealed satisfactory spore production at all four concentrations. 
However, at concentrations of 500 and 1000 mg.N/l. the ammonia 
was not fully assimilated from the medium. It was concluded' 
that a suitable concentration of nitrogen source would involve 
less than 500 mg. ammonia N/l. medium. 
TABLE 2. The effect of ammonium sulphate concentration on growth 
of M. pusillus. (Growth e~ressed mg.dry weight/al.mediu.). 
Time Concentration of ammonium sulphate (mg.N/l.) 
in days. 125 250 500 1000 
2 1.52 1.52 1.70 2.14 
3 2.19 1.70 2.30 3.82 
4 2.52 2.52 :s.8§ 5.42 
6 1.70 2.03 3.49, 4.64, 
8 2.68 2.74 4.18 5.10 
TABLE 3. The effect of ammonium sulphate concentration oa 
sporulation of M. pusillua. 
Time Concentration .of ammonium sulphate but.B/1.) 
in days 125 250 500 1000 
6 + +++ ++ .. 
Sporulatioa 0.. no aporulatioa. 
+ = lair It 
++ .. good ., 
+++ .. excellent " 
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TABLE 4. Nitrogen content of media originally containing 
Time 
in 
different concentrations of ammonium sulphate. 
(Total nitrogen remaining in the medium expressed in 
mg.N!l.) • 
Concentration of ammonium sulphate (Jlg.N!l.) • 
days 125 250 500 1000 
0 131 239 479 1063 
2 30 70 276 647, 
3 19 ~ 213 453 
4 18 52 135 314 
5 21 20 102 325 
8 23 23 110 365 
TABLE 5. pH drift in buffered media containing different 
concentrations of ammoniuJl sulphate. (pH unite). 
TiJle Concentration ot ammonium sulphate (mg. Nil.) 
in 
DaTs 125 250 500 1000 
0 6.5 6.5 6.5 6.5 
2 4.4 4.0 '.7 3.7 
3 4.5 3.9 l.O 3.1 
4 4.5 4.0 3.2 2.2 
6 5.3 4.8 3.7 3.0 
8 5.8 4.9 4.0 2..8 
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3.122 Casein hydrolysate. The results presented in 
Tables 6 - 9 and Figure 3 indicate that only at concentrations 
ot 250 and 450 mg.N/l. did the organism grow and spore well. 
At 450 mg. Nil. however, there was incomplete assimilation of 
nitrogen from the medium, and in the later stages of culture at 
this concentration a fall in dry weight and a pH drift to 
alkalinity suggested mycelial autolysis. 
A concentration of 250 mg. Nil. was chosen for 
future experiments since at this concentration the organism 
grew and spored well, without autolysis. 
TABLE 6. Growth of M. pusillus on media containing different 
concentrations of casein hydrolysate. 
(Growth measured as dry weight in _g/al. mediua). 
Time Concentration of casein hydrolysate (mg N./l.). 
in 
days 40 60 120 250 450 
1 0.10 0.28 0.50 0.89 1.67 
2 0.22 0.51 0.95 2."2 ".77 
3 0.27 0.60 1.25 }.50 6.3G 
5 0.31 0.70 1.34 3.6,. 6.76 
7 0.35 0.74 1.45 4.75 ".80 
TABLE 7. 
Time 
in 
da;Y8 
1 
2 
3. 
5 
7 
TABLE 8. 
Time 
in 
Da;Y8 
0 
1 
2 
3 
5 
7 
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Sporulation of M. pusillus on media containing 
different concentrations of casein hydrolysate. 
-6/ (Sporulation expressed as number of spores x 10 ml. 
medium). 
Concentration of casein hydrolysate (mg. Nil.) 
40 60 120 250 450 
0.15 0.27 0.56 0.60 0.78 
0.42 0.62 1.55 2.00 2.90 
0.61 0.90 1.69 3.12 2.12 
0.46 0.56 0.95 1.71 0.98 
0.45 0.43 0.92 1.57 0.71 
Nitrogen content of media originally containing 
different concentrations of casein hydro1;ysate. 
(Tdal nitrogen remaining in mediua expressed a. 
mg. Nil.) 
Original concentration of casein h;ydro1;y.ate 
(mg. Nil.) 
40 60 120 250 450 
51 69 142 280 460 
35 60 134 248 ,06 
21 28 66 89 12) 
16 21 24 40 77 
13 19 38 67 144 
21 19 25 46 165 
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Fig. 3. Effect of different concentrations of casein 
hydrolysate on growth and sporulation of 
M. pusillus. 
TABLE 9. 
Time 
in 
days 
0 
1 
2 
3 
5 
7 
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pH drift in media containing different concentrations 
of casein hydrolysate. 
Concentration of casein hydrolysate (mg. Nil.) 
40 60 120 250 450 
6.4 6.4 6.4 6.4 6.4 
5.6 5.4 5.0 5.0 4.9 
5.5 5.3 5.0 4.3 4.4 
5.9 5.9 5.7 5.5 4.8 
6.0 5.8 5.5 5.6 6.3 
6.0 5.8 5.4 4.9 7,7 
3.2 The Effect of Concentration of Carbon Source. 
3.21 Experiaental Procedure. A 8tandardise~ spore 
inoculum of M. pusillus was added to flaaks containing the basic 
aediu. with ammonium sulphate (250 mg. Nil.) as nitrogen sourc. 
and one of the following carbon sources: 
(i) 
(ii) 
(iii.) 
Glucose (AR gra.e). 
Glucose (crude). 
Sucrose (AR grade). 
20. 50. 100. 200 g./l. 
100. 200 g./l. 
100 g./l. 
Flasks were incubated at 480 and harvested at appropriate 
time int.rval •• Sporulation was ass.ss.d visually. aft.r whick 
the myc.lial mats w.re r.mov.d tro. the cultur. tlaaka, drie. an4 
w.ighed.. The total nitrogen content of the culture filtrate was 
d.terained by the micro Kjeldahl technique; the pH of the cultur. 
filtrate was also d.t.r.i .... 
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3.22 Results. The results, presented in Tables 10 - 13 
showed that at all the concentrations tested the fungus grew 
satisfactorily. A visual examination of the cultures 
indicated sporulation at all concentrations. At higher 
concentrations of carbon-source mycelial autolysis occurred and 
for this reason a level of 20 to 50 g./l. glucose was selected 
for future experiment •• 
TABLE 10. Growth of M. puaillus on media containing 
different concentrations of carbon source. 
(Growth expressed as dry weight mg./al. mediua). 
Time Concentration of glucose (g./l.) Concentration of sucrose(~J1j 
in 20g./l. .5Og/.l.. 100g/1. 2008/1. 100&"1. 200&"L 100 g./l. 
Day_ (A.R.) (A.R~ (Ae R.) (A.R.) {crueN (crude (.A..B.) 
2 1.25 1.64 1.95 1.70 1.35 2.40 1.87 
3 2.11 2.43 3.13 3.30 2.45 3.63 2.8]1 
4 2.68 2.82 3.48 3.06 2.18 3.25 2.75 
6 2..85 2.62 3 .. 51 3.13 2.28 2.84. 2.90 
8 2.46 z.62 3.40 2.81 1.86 2.75 2 • .50 
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TABLE 11. Sporulation of M. pusillus on media containing 
different concentrations of carbon source. 
Concentration of Sporulation 
glucose (g./l.) • (Visual examination, arbitrary 
units). 
20 g./l. A.R. ++ 
50 g./l. A.R. +++ 
100 g./l. A.R. +++ 
200 g./l. A.R. ++ 
100 g./l. Crude +++ 
200 g./l. Crude ++ 
100 g./l. Sucrose +++ 
TABLE ~ Nitrogen content of media containing different 
concentrations of carbon source. 
Time 
in 
Days 
0 
2 
, 
4 
6 
8 
(Total nitrogen remaining in medium expressed aa 
mg. Nil.) 
Concentration of glucose (g./l.) ~oncentm.:t~ o sucros. .) 
20W1. 50Wl. 100&/1. 200g!:L 100al1. 200gl1. lOOg/l. (A.R.) (A.R.) (A.R.) (A.R.) (Crude) (Crude) (A.R.) 
256 256 256 256 256 256 256 
167 150 98 6~ 139 118 76 
104 44 53 36 91 86 45 
33 33 27 32 41 60 24 
29 25 27 47 43 57 29 
36 27 3" 46 53 59 ~ 36 
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TABLE 13. pH drift on media containing different 
concentrations of carbon source. 
Concentrati.o 
Time Concentration of slucose (g./l.) of sucrose 
in (g./l. ) 
Day. 20g,!1. 50g,ll. 100g/1. 200811. 100g/l. 200g/1. 100g./1. 
(A.R.) (A.R.) (A.R.) (A.R.) (Crude) (Crude) (A.R.) 
0 6.4 6.4, 6.4 6.4 6.4 6.4 6.4 
2 2.1 2.0 1.9 2.7 3.1 3.0 2.8 
3 2.2 2.1 2.0 1.9 2.0 2.0 1.9 
4 2.2 2.1 2.1 1.9 2.1 2.1 2.0 
6 2.2 2.1 2.1 1.9 2.0 2.2 2.0 
8 2.2 2.1 2.1 1.9 2.1 2.2 2.5 
- 50 -
3.3 The Effect of Temperature. 
Experimental Procedure. Spores of M. pusillus 
were inoculated into flasks containing the basic medium with 
glucose (50 g./l.) and ammonium sulphate 250 mg.N/l.). The 
After 
specific periods of incubation sufficient flasks were harvested 
to give adequate amounts of mycelium for determination of 
sporulation and of dry weight. The pH and total nitrogen 
content of the spent culture filtrates were determined. 
3.32 Results. At 530 the organism did not produce 
aerial hyphae, neither did it spore. Aerial mycelium was 
produced at all other temperature.. At 250 the mycelial mat 
w .. initially white, but by the 5th d&1 had beco.e grey in 
colour. J. 0 0 At ~5 and 35 young ayceliua was white in colour, 
becoming brown by the 3rd and 4th days respectively. The 
organisa barely grew at 530 • The optimum growth temperature 
varied throughout the incubation period. In the early stage. 
the organism grew best at 47°. Atter 3 days incubation 
35· was the optimum growth temperature, whilst after two weeke 
the~ngus was growing beat at 250 (Table 14, figura 4). 
Sporulation followed essentially the s... course as 
growth, and after the initial stages ot culture, .pore production 
was more profuse at 350 and 250 (Table 15, tigure ~). 
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The rate of assimilation of ammonia from the medium 
is given in Table 16 and figure 4. At 470 the nitrogen-source 
was completely exhausted from the medium by the 3rd day. The 
process occurred at a slightly slower rate at 350 , but at 250 
the ammonia was not completely assimilated until the 8th day of 
incubation. At 530 only a small proportion of the nitrogen-
source was utilised. 
As a consequence of assimilation of ammonia from the 
medium the pH becaae progressively more acid. (Table 17, 
figure 4). At 25°, 350 and 470 the pH of the medium was 
approximately pH 2. ° At 53 the medium was les8 acid. 
A suitable temperature for future experiments was 
considered to be about 470 - the highest temperature at 
which the fungus produced adequate aaounts of mycelium and 
spores. 
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TABLE 14. Effect of temperature on growth of M. pusi11us 
(Growth measured as dry weight mg./m1. medium). 
Temperature. 
Time in days 
250 350 470 530 
1 0 trace 0.28 trace 
1.5 trace 0.24 0.85 0.10 
2 trace 0.68 1.55 0.14 
3 0.23 2.12 2.27 0.30 
4- 0.29 2.96 1.95 0.32 
5 0.98 
- - -
6 1.15 3.22 2.15 0.32 
8 2.71 3.76 2.28 0.35 
10 3.58 4.36 2.12 0.31 
12 3.86 4.10 2.00 0.23 
14 3.86 3.86 2.02 0.25 
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TABLE 15. Effect of temperature on sporulation of M. pusi11us 
( -6/ d') Sporulation expressed as number of spore. x 10 ml.me 1um • 
0 Time in days Temperature C. 
250 35i 470 530 
3 0.21 1.97 1.05 0 
6 0.14 3.72 0.99 0 
8 1.24 2.92 1.08 0 
10 2.10 2.29 0.94 0 
14 1.68 3.00 0.83 0 
TABLE 16. The nitrogen content of the medium of culture. grown 
at different temperatures. 
(Total nitrogen content of the medium expressed as mg.N/ml.). 
Time ~ount of nitrogen rema1n1ng in medium at 
in following temperature •• 
Days 25° 35° 47° 53° 
0 253 253 253 253 
1 
- -
152 
-
1.5 
-
172 131 201 
2 
-
122 82 189 
3 185 36 31 216 
4 184 47 59 214 
5 135 - - -
6 128 36 41 197 
8 42 23 50 232 
10 42 33 50 199 
12 40 41 52 205 
14 38 39 71 217 
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TABLE 17. The effect of temperature on pH drift of the 
mediua. 
0 
Time in days Temperature c. 
250 350 470 530 
0 6.5 6.5 6.5 6.5 
1 6.4 4.9 3.2 5.0 
1.5 6.1 3.6 2.0 4.8 
2 5.8 2.3 1.8 3.2 
3 3.5 1.7 1.8 3.0 
4- 3.4- 1.8 1.8 3.2 
5 2.5 1.9 1.9 3.2 
6 2.5 2.0 2.2 3.5 
8 2.0 1.9 1.9 3.2 
10 2.0 2.0 2.0 3.5 
12 1.9 1.9 2.1 3.4;-
14 1.9 2.0 2.3 3.5 
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Fig. 4. Effect of incubation temperature on the growth and 
sporulation of M. pusillus, and the nitrogen content 
and pH drift of the medium. 
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3.4 The Effect of Aeration. 
Experimental Procedure. The basic medium 
containing glucose (50g./l. ) and 8JIlJIloniua sulphate (250 mg.N/1.) 
was dispensed into 750111. conical flasks as follows:-
(1) 100 al. medium, grown in shake culture. 
(ii) 200 al. medium, grown in shake culture. 
(iii) 100 al. medium, grown in still culture. 
(iv) 200 al. medium, grown in still culture. 
The flasks were inoculated with a standardised suspension of spores 
incubated at 480 and harvested after suitable periods ot incubation. 
The mycelium was filtered off, and the nitrogen-content and pH 
of the culture filtrate determined. 
Results. Initially the fungus grew more 
slowly in still culture than shake culture (Table 18, figure 5) 
though in the later stages a loss in dry weight occurred in the 
aerated media. No sporulation occurred in shake culture. 
indicated in Tables 19 and 20 the nitrogen source was utilis86 
more rapidly in the shake-culture .ed1 .. The early stag.. ot 
growth in shake culture are described more fully in Section 35. 
TABLE 18. 
Time 
in 
Days 
2 
3 
4 
6 
8 
TABLE 19. 
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The effect of aeration on the growth of M. pusillus. 
(Growth expressed in mg. dry weight/ml. medium). 
Still culture. Shake culture. 
100 ml. 200 ml. 100 ml. 200 ml. 
1.31 0.99 1.76 2.01 
2.08 1.86 1.67 1.96 
l.30 2.02 1.85 1.80 
2.23 2.20 1.50 2.28 
2.20 2.02 1.53 1.86 
The effect of aeration on the nitrogen content of 
the medium during growth of M. pusillus under 
differeat aeration conditione. 
(Total Nitrogen remaining in medium expressed as mg. N/l.). 
Time Still culture. Sbake culture. 
in 
Days lOOml. 200 ale 100 1Dl. 200 Ill. 
0 241 247 241 247 
2 100 96 30 34 
3 48 63 31 29 
4 32 35 30 31 
6 29 30 38 33 
8 33 28 42 39 
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TABLE 20. The effect of aeration on the pH drift of the medium. 
Time Still culture Shake culture 
in 
Days 
100 ml. 200 1Dl. 100 ml. 200 ml.. 
0 6.1 6.1 6.1 6.1 
2 2.4 2.3 2.4 1.9 
3 2.0 2.0 2.4 1.9 
4 2.0 1.9 2.0 2.0 
6 1.9 2.1 1.9 2.1 
8 2.1 2.1 a.3 2.2 
l·ro 
I .0.- ~ 
100 mI. still. 
~ 2·00 t r t:r>~ ~ 200 mI. still. 200 mI. shake. 
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Fig. 5. Effect of aeration on the growth of M. pusillus. 
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3.5 Spore Germination and Hypha! Growth in & Shaken Medium. 
Experimental Procedure. The basal medium 
containing glucose (30 g./l.) and ammonium sulphate (230 mg. Nil.) 
was dispensed in 200 al. aliquots in 750 ale conical flas~. 
The inoculum was grown on potato destrose agar slopes in flat 
medicine bottles. Spores were removed from 90 medicine bottles 
which had been incubated 14 day. at 480 , by shaking with ice-cold 
sterile deionised water. The spore suspension was filtered 
through 3 layers of sterile muslin to remove mycelial fragmenta, 
and then centrifuged. The supernatantwaoll discarded and the 
spore pellet resuspended in sterile deionised water. Each 
flask was inoculated with 10 al. spore suspension (e,uivaleRt 
to 50 mg. dry weight of sporea). Inoculated flaaks were ahaken 
at 480 and harvested at appropriate intervala. The Ilyceliua 
was examined microscopically prior to removal from the culture 
medium by filtration. The total nitrogen content and the pH 
of the spent culture filtrate were determine" 
3.52. Results. Data for the total nitrogen oontent and 
pH drift of the mediua, and growth of the sporelings are given in 
Table 21 and Figure 6. 
After incubation for 4 - 5 hom'S moat of the spores <> 7~) 
were swollen, and &.5 hours after inoculation slll&11 lI1'phal. buds had 
been produced. At this st~e ~ of the ammonia had been ass~lat.4 
- 61 -
TABLE 21. Spore germination and hyphae extension of 
M. pusillus in shake culture at 480 • 
Time in Growth Nitrogen assimilation pH of 
hours (mg. dry weight/ (Ammonia reaaining mediua. 
ml. mediUll). in mediua rg. N/ml.) 
0 227 6.0 
6.5 0.60 114 2.8 
8 1.01 91 2.5 
10 1.18 52 2.4 
12 1.28 63 2., 
15 1.58 41.. 2.1 
18 1.63 43 2.0 
2l 1.68 40 2.0) 
24 1.81 61 2.0 
2.7 1.74 43 1.9 
30 1.78 2.~ 2.1 
33 1.70 53 2.1 
36 1.59 67 2.1 
39 1.53 61 2.0 
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(a) 6.5 hr. incubation (x 176) (b) 10 hr . incubation (x 52) 
(c) 12 hr . incubation (x 176) (d) 18 hr . incubation (x 52) 
Pl ate 1. Stages in the germination of spores and growth of hyphae 
of M. pusillus in shake culture. 
(phase contras t microscopy) . 
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Fig. 6. Medium analysis during the early stages of growth of M. pusillus 
in shake culture. 
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from the medium, with a commensUTate fall in pH. A phase of rapid 
growth followed and microscopic examination (Plate 1) showed that 
the rnyceliurl consisted of thizl branched lIl'phae. As growth proceeded, 
and ~celial density increased, the culture became composed of loose 
tangles of byphae. 
3.6. The Effect of Buffering the Medium with Organic Acids on the 
Growth of M. pusillus, 
3.61 Experimental Procedure. The basic medium plus 
glucose (20 g./l.) was dispensed in 25 mI. aliquots into 100 mI. 
conical flasks and supplemented as followsl-
Medium A ammonium sulphate (250 mg. N/l.). 
Medium AT ammonium tartrate (250 mg. N/l.). 
Medium A+M ammonium sulphate (250 mg. NIl.). 
+ DL - malic acid (5g./l.). 
Medium A+C ammonium sulphate (250 mg. NIl.). 
+ sodium citrate (11 g./l.). 
After inoculation with a standard spore suspension and 
incubation at 480 for appropriate time intervals, 5 replicate flaSka 
of each medium were harvested, The ~celium was filtered, dried and 
weighed. The culture filtrates were analysed tor residual ammOD1a 
and total nitrogen content and the pH determined. 
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3.62 Results. The fungus grew better in buffered media, 
and the organic acids tested promoted growth more or less equally 
(Table 22, figure 1). In medium A there was no increase in dr,y 
weight after the ammonia was exhausted from the medium. In the 
buffered media however, considerable increase of d~y weight occurred 
after the medium was fully depated of ammonia. 
A visual examination of the cultures indicated that on the 
buffered media the fungus spored less well than on Medium A. Studies 
are described later (Chapter 4) in which this observation receives 
further attention. 
TABLW 22. ~~e effect of buffering the medium with organic acida on 
the growth of M. pusl1lus. 
(Growth measured as dr,y weight in 1J8./ml. mediUII). 
Age ot Ammonium Ammonium Ammonium Mmonium 
harvest. Sulphate Tartrate Sulphate &: Sulphate & 
(hours). Jrfalic Acid. Sodiua citrate 
15 0.20 0.20 
24 1.04 0.64 
39 1.00 1.12 
4~ 2.02 1.84 2.20 2.71 
68 2.12 2.0ts 
112 2.16 2.41:$ 
136 ~.12 2.72 3.92 3.64 
160 2.0H 2.16 
184 2.00 3.40 
20B 1.96 3.16 2.88 3.24 
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Table 23. The effect of organic acids on the pH drift of the 
medium. 
Time Ammonium Ammonium Ammonium Ammonium 
in Sulphate Tartrate Sulphate + Sulphate + 
Hours Malic Acid Sodium Citrata. 
0 6.3 6.3 6.4 6.5 
15 5.7 5.8 
24 2.9 4.7 
39 2.4 3.5 
48 2.2 3.4 5.0 5.8 
68 2.2 3.1 
112 2.2 3.1 
136 2.2 3.1 7.5 7.6 
160 2.3 3 .. 1 
184 2.4 3.0 
208 2.4 3.0 7.6 7.6 
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TABLE 24. The nitrogen content of buffered and unbuffered 
media after different periods of growth of 
M. pusillu., 
Ammonium Ammonium Ammonium Ammonium 
Time Sulphate Tartrate Sulphate + Sulphate + 
in Malic Acid Sodium Citrate. 
Hours 
A B A B A B ~ B 
0 232 233 214 210 212 210 220 225 
15 220 217 204 180 
24 174 149 161 140 
39 106 48 78 31 
48 85 71 73 47 67 22 66 ,8 
68 73 0 32 0 
112 78 0 30 0 
136 74 0 36 0 49 0 48 0 
159 66 0 34 0 
183 78 0 23 0 
208 84 0 31 Q 98 0 86 0 
Figures above refer to - Nitrogen remaining in the medium, 
expressed in mg. Nil. mediua. 
A ~ Total Nitrogen (mg. Nil. medium) as measured b1 
micro-Kje1dah1 technique. 
B = Ammonia-nitrogen (ag.NH3-N/1. medium) as measured b7 Conwa1's method, 
8-0 
7-0 
b'O 
• 10 5-0 +0) 
·rt 
5:l 
::s ~-o tx:I 
PI 
3-0 
2:0 
Fig. 7. 
0 
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Medium A+C. ~-----------V Medium A+M. 
~~ ____ ~ __ ~~ __ .. __ ~ __ • Medium AT. 
~o-~~----~ __ ~~--~--~--o Medium A. 
2. 
... " Time (days)_ 
Effect of buffering the pH drift of the medium on 
the growth of M. pusillua. (! denotes nitrogen source depleted from mediua). 
CHAPTER 4. 
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THE EFFECT OF DIFFERENT SOURCES OF NITROGEN ON 
GRO'IJTH AND SPORULATION OF MUCOR PUSILLUS. 
In the previous chapter the ability of M. pusillus 
to grow and spore on organic and inorganic nitrogen sources 
was noted. In addition, stabilisation of the pH by the 
inclusion of an organic acid in the culture medium appeared 
to retard sporulation. It was decided to study these 
observations more fully and to assess the effect of different 
nitrogen sources on growth and sporulation of M. pusillu •• iD 
buffered and unbuffered media. Particular importance was 
attached to the utilisation of naturally-occuring nitrogen 
sources (proteins and the products of protein degradation). 
4.1 Inorganic Nitrogen Sources. 
4.11 Experimental Procedure. Cultures were grown 
from a standard spore inoculum, at 480 , in the basic medium 
containing glucose (20 g./l.) and a nitrogen source 
(250 mg.N/1. medium). Buffered media contained in addition, 
sodium succinate (5 g./l. medium). An attempt was made to 
measure sporulation objectively, as described in Section 1.6. 
Growth was measured by drying and weighing the mycelial mat. 
obtained from five replicate flasks. The nitrogen content of 
the culture filtrate was analysed by Conway and microKjeldahl 
methods, and the pH determined. 
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4.12 Results. The measurements of growth, spore 
production and rate of assimilation of nitrogen source for four 
inorganic sources of nitrogen are given in Table 25. The data 
show that whilst the fungus grew adequately on all the nitrogen 
sources supplied, early growth was better on media containing 
an ammonium nitrogen source. Growth on nitrate and nitrite 
was apparent after a lag of about 36 hours, due pro_ably to the 
time taken for the induction of those enzymes involved in the 
reduction of nitrate and nitrite to ammonia. Where ammoniua 
nitrate was the nitrogen source, ammonia was preferentially 
assimi1ated(Tab1e 24 (d» as indicated by the pH drift of the 
I 
medium and also by analysis of the ammonia and nitrate 
contents of the medium by Conway's method. After 8 day. 
incubation most growth was obtained on sodium nitrate; ammoniua 
nitrata, ammonium sulphate and sodium nitrite supporting 1es. 
growth. 
On all the media tested, sporulation reached a peak 
and then fell away. Maximum sporulation invariably occurre6 
after the nitrogen source had been almost coapletely .eeiail.ted. 
from the medium and the nitrogen level of the mycelium w .. 
re1ative1,. high. 
TABLE 2~ The effect of differen t inorLanic nitrogen sources on growth 
and sporulati on of M. pusillus . Analysis of mediu m and 
mycelium after different periods of incubation . 
(a) Ammonium Sulphate . 
Harves t Age I Dry Weigh t Sporulat ion pH of Ammonia Total - N 
of Mycelium of Mycelium ( Number of Hedium in Nedium in Medium. 
in Hours. (mg . /ml. ) Sfo~es x (mg . NH3- N/.L) ( mg . NIL) 10- Iml.) 
--J 
Unbuffered I f-' 
~edium . 
0 0 0 6. 2 242 248 
36 1.04 1.16 2. 6 163 175 
48 1.76 0. 96 2. 4 53 71 
84 2.64 1.52 2.2 0 27 
108 2.74 2. 65 2.-1 0 33 
180 2. 48 1. 45 2. 3 0 32 
Buffered 
Medium 
Ex:eeriment 
- . I ·'~-·· ;+ ~tl\. ~·t-.r .it- '~r# ,.-~~ '- ': ..... ~ ~ '.-' r  r. ~. ' 6. 3 . 238 0 0 ~ ,II .. ~ .• 0 Y. 
~~ 
36 - , 0. 66 ~t'"' ',1 • .,..-."'-;'- •• ~~';"' .. -. 5. 4 
.,;~ 
... "' .... & '" 0.12 173 !- ,~., :;~:> '~:'; ~ ~: ' . " ;'J.;, ., .. ~~, " . 60 1.98 ~. ,",e:; 0.24 • - <I 5. 0 0 
84 2. 76 0. 16 4. 9 0 36 
loB 3.oB 0. 16 4. 9 0 3B 
IBo 3. 70 0. 12 4. 9 0 33 
Buffered 
Medium 
EX'Deriment I 
0 0 0 6. 2 249 256 
36 0. 97 0.52 5.4 143 156 
60 2.17 0. 64 5. 0 40 55 
84 2. 69 0. 52 5.0 0 31 
loB 3.36 0. 60 5.4- 0 29 
180 3.35 0.2B 5. B 0 39 
(b) Sodium Nitrate . 
Harvest Age Dry iJeight Sporulation pH Nitrate in Total - N 
of Mycelium of Mycelium ( Number of Hedium Medium . 
in Hours . (mg . /ml . ) Sp~es x (mg . N03 - N/ l. ) (mg . NIL) 10 Iml.) 
Unbuffered 
Medium . 
0 0 0 6 . 5 231 245 
36 0 . 10 0 6 . 6 209 218 
--J 
I'\) 
48 0 . 28 0 . 32 6 . 6 1 52 171 
60 1 . 08 0 . 49 6 . 5 73 95 
84 3 . 20 0 . 93 6 . 5 35 60 
108 3 . 36 1.46 6 . 6 0 33 
180 4 . 04 1.33 6 . 6 0 41 
Buffered 
Medium 
E!Eeriment I . 
0 0 0 6 . 4 243 258 
48 ,- . -. \ . - - 0 . 15 • ~ .. -" I 0.72 6o~ .. ~: 190 'W~ "~"!'-~J 207 
• .....,.F ( ~ .. , .. tl"#-.. • I.· . ,- .. ,~, ..... -./ .~.t -
60 . .-- \ - o ~ 4£ . 0.44 6.4 138 .. 160 ~~-.n ~ ~,.:;., '-pt ....... ~~~ 
""-'" 
--.JI'" f:.'o" .,....,' ... ~ 
-", . 
!!!'-.......... 
--
-
84 ~-~ L~ I ..... 0 . 62 .~\~~-~~.~ .;~ 6 . 3 ,-:.,:t.:::::"" "".' " .. " ,,-~I ~- 0 . 32 "'-'" 79 97 . 
108 ~~ .. -. ,.~ 't~;. , 0.93 . ." ~ .:-'. ~ 0 . 80 6 .1--""- .-. 0 - -_.-. - 0' 25 
180 2 . 79 0 .. 64 6 .1 0 32 
Buffered 
Bedium 
EXEeriment II . 
0 0 0 6 .5 258 273 
36 0 0 6 .6 247 260 
48 0.13 trace 6 . 6 211 228 
60 , 0 . 64 0 . 88 6 . 6 108 131 
84 , 1 . 75 1 . 52 6 . 3 0 43 
108 2 . 42 1 . 16 6 . 3 0 24t 
132 
\ 
2 . 31 1 . 40 6 . 4 0 33 
180 3 . 25 0 . 48 6 . 2 0 40 

(d) Ammonium Nitrate . 
Harvest Age Dry Weight Sporulation pH Ammonia - Nitrate - Total - N 
of Mycelium of Mycelium (Number of Nitrogen Nitrogen in 
in Hours . (mg . /ml . ) Sporeg in Hedium in Medium Medium 
x 10- /ml . ) (mg. NH3~/lJ (mg . N05N/IJ (mg . N/l . ) 
Unbuffered 
Medium . 
0 0 0 6 . 3 120 125 248 
36 0 . 57 0 . 32 2 . 9 68 118 193 --J +-
60 1.48 0. 88 3 . 3 0 47 62 
84 2 . 20 1.36 3 . 3 0 0 29 
loB 3 . 02 1.4B 4 . 9 0 0 37 
180 3 . 10 0.56 5.4 0 0 23 
Buffered 
~ledium!. 
0 0 0 6 .2 IlB 110 242 
36 7"::""'- ,.. o.Bl ~ .... - t,v-..,:-:.-.............. r 0.31 5 .6, ~r 53 - ~. -,',. 94 ::-.:.' ....... -- 171 ~.:- I _ ~. -'-;.. 
!'~~. \' 
60 ~ 1.91 
. ". 
1.60 5 .7 31 - ~. , 0 52 
- ,.:,.. :;. ,i'- • 
} -r--B4 2 . 52 .. 1.70 5. B 0 0 34 
-
" 
,;' .. 
108 -~ ... ~-3 .20 1.40 6 . 2 0 0 21 
I Bo 3 . 30 0 .56 6 . 5 0 0 31 
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."'hen the medium was buffered with sodium succinate, 
growth was markedly increased on ammonium sulphate and sodium 
nitrite, and markedly decreased on sodium nitrate. ~here 
ammonium nitrate was the nitrogen source buffering the medium 
had little effect on growth. 
Stablising the pH of the medium significantly reduced 
the number of spores produced when ammonium sulphate was the 
nitroe,en source. ~ith the other sources tested, sporulation 
was not significantly affected by buffering the medium. 
4.2 Organic Nitrogen Sources. 4.21 Single Amino Acids. 
4.211 Experimental Procedure. Cultures were 
incubated at 480 in the basic medium containing glucose (20 g./l.) 
and a single amino acid (250 mg. Nil.) as sole nitro~en source. 
Amino acid sources were sterilised as described in Section 1.3. 
The rotatory powers of the amino acids were as follow.: 
racemates (alanine, serine, O<-aminobutyric acid, valine, 
leucine, isoleucine, norleucine, norvaline, citrulline, 
ornithine, threonine, methionine, tryptophan, phenylalanine, 
dihydroxyphenylalanine);laevorotatory (arginine, lysine, 
glutamic acid, aspartic acid, cysteine, cystine, histidine, 
proline, tyrosine), DO rotation (glycine). Buffered .adi. 
contained sodium succinate (5 g./l.). 
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Sporulation was assessed as de •• ribed in Section 1.6 
and growth was measured by drying and weighine mycelial mats 
obtained from five replicate flasks. Culture filtrates were 
analysed for presence or absence of amino acid nitrogen source 
by paper chromatography; the pH was also determined. 
4.212 Results. Date for the growth and sporulation 
of M. pusillus on unbuffered media containing 29 different 
amino acids are presented in Tables A, B and C and on buffered 
media in Tables D, E and F. These data are included in Appendix. 
A summary is given in Table 26 and Figure 8. 
The fungus grew on all but four of the amino acids 
tested - p-aminobenzoic acid, hydroxyproline, creatine and 
thyroxine. Glycine, alanine, proline, aspartic acid an4 
glutamic acid supported largest amounts of growth, and cysteine, 
cystine, dihydroxyphenylalanine (DOPA) tryptophan and histidine 
the smallest amounts of growth. 
Utilisation of the nitrogen source caused an 
acidic reaction in the culture medium, the pH of which fell to 
3-~ Where the medium was buffered with sodium 8ucciuat. the 
pH remained in the range 5-6. Generally, the effect ot 
buffering the medium was to reduce the growth of the fungua; 
except in the caaes of methionine, cysteine, cystine and 
TABLE 26. A summary of growth and sporulation of M. pusillus on single 
amino acid nitrogen sourcel • 
• • Cumulative • Cumulative Growth Cumulative S£orula-Ami no Acid. I ~on . S 
Unbuffered Buffered Unbuffered Buffered Unbuffered Buffe red 
Hedium Medium Medium Medium Medium Medium. 
Proline 19.56 11.29 1. 86 1.32 0 .12 0 . 11 
Glutamic Acidl 17 . 73 12.35 4 . 48 1. 84 0 . 32 0 .15 --.J 
--.J 
Glycine 17 . 45 12..39 3.28 3 . 00 0 . 23 0 . 24-
Alanine 15. 61 9.90 1.31 2.92 0 . 10 0 .29 
Tyrosine 12.42 7.09 4.35 3 . 31 0 . 35 0 . 47 
Ar ginine 12.25 9.39 4 . 51 1.52 0 . 37 0.16 
Serine 10.98 8.06 4099 4 . 52 0.46 0 .. 56 
Aspartic ACidl 10.36 10.54 2.45 3 . 56 0.29 0.34 
Leucine 10 .13 7.16 0.51 3.32 0 .00 0.46 
Ornithine 9. 54 6. 68 6 . 21 5 . 76 0 . 66 0 . 86 
PhenYlalaninej 9038 9.11 .-.:.~; 2 .23 1.50 0 . 23 0 .16 
, ' . 
Valine ". 9 .14 "-1.:1' 6 . 47 0 . 89 2.36 0 . 01 ~~.~ 0 . 36 I 
~- 0 . 20 8 . 83 ~- .. - 7 . 55 2 . 02 ' '1:1.52 0 . 23 . " .. - ABA .". -< 
. r ~'j • 1 • .~ . r . 
I; IoJ • - .... j'"""!" I .', .... 
~~; . .I .\, , . j,\.. .~~ ;..r ... ~ 0 . 46 8 . 45 4 . 20 2..69 ~_~ i· 1.96 
.. 0 . 31 J •• :':.~.,.-Isoleucine 
Norleucine 8 .43 7 . 30 3 .02 1.72 0.28 0 . 23 
Threonine 8 .37 5.30 1.07 1.24 0.09 0.28 
Citrulline 8 .16 5.81 3.48 6.04 0.42 1.04 
Norvaline 7.72 6 .05 1.85 1.18 0.24 0.20 
Methionine 6.88 8 . 40 6.04 1.92. 0.88 0.23 
Tryptophan 3.36 2.~ 7.69 1.24 2.28 0.58 
Cysteine 3.10 4 .00 5.02 1.78 1.64 0.44 
Lysine 3.00 3.00 3.43 0.60 1.14 0.20 
Cystine 1.92 2.10 3.40 2.25 1.77 1.07 
Histidine 1.16 1.55 0.57 0 . 80 0 . 49 0 . 50 
DOPA 0 . 32 0.40 0.14 trace 0.44 0 . 00 
See Se c tions 1. 51 and 1 . 6 
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Fig.B. Growth and sporulation of M. pusillus on single amino acid 
sources in unbuffered (0---0) and buffered (0---0) media. 
( , denotes depletion of amino acid from unbuffered medium). 
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histidine where growth was better on the buffered medium. 
The best sources for sporulation were methionine, 
cysteine, cystine, tyrosine, tryptophan, ornithine, citrulline 
and lysine. On alanine, leucine, valine, threonine and 
histidine sporulation was poor. Addition of sodium succinate 
to the medium usually reduced sporulation. However, 
sporulation was increased when media containing alanine, 
leucine, valine, aspartic acid and citrulline were buffere4. 
4.22 Mixtures of Amino Acids. 
4.221 Experimental Procedure. To the basic 
medium containing glucose (20g./1.) was added an amino acid 
mixture; each amino acid being present at a level of 
10 mg. N/l. medium. The complete mixture contained 25 amino 
acids, all of which could be utilised by M. pusillua. Other 
amino acid mixtures contained 24 amino acids, a different amino 
acid being omitted trom each medium. Buffered media contained 
sodium succinate (5g./1.). Growth and sporulation were 
measured as described in Section 4.11. 
4.222 Results. The effects of different mixtures 
of amino acids on the growth and sporulation of M. pusillua 
are shown in Tables G - L (Appendix). 
With one exception growth was very similar irrespectiTe 
of which amino acid was omitted from the mixture. The organism 
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grew much more profusely on a medium lacking DOPA. Sporulation 
was enhanced when norleucine, DOPA, tyrosine or tryptophan 
were omitted. 
The final pH of the medium was in the range 3-4. 
This drift was mitigated by the addition of sodium succinate, 
and the pH of cultures was maintained in the range 5.5 - 6.5. 
Though growth in the early stages of culture was 
slower,by the 8th day the organism had grown better on the 
buffered media. Sporulation was greatly reduced when culture 
media were buffered. 
4.23 Organic Nitrogen Sources other than Amino Acids. 
4.231 Experimental Procedure. Nitrogen 
sources were added at a concentration of 250 mg. N/l. to the 
basic medium containing glucose (20 g./l.). Buffered media 
contained sodium succinate (5 g./l.). Casein, gelatin, 
albumen, glycylglycine, glutathione and urea were sterilised 
by membrane filtration; all other nitrogen sources were 
autoclaved. 
Growth and sporulation were measured as described in 
Section 4.11. 
4.232 Results. Measurements of growth and 
sporulation of M. pusillus on a number of different organic 
nitrogen sources are presented in Tables 27 and 28. 
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~he organism did not grow on glutathione or cytosine, 
but with the exception of gelatin and albumen all other sources 
supported moderate to profuse growth and sporulation. Although 
gelatin and albumen were poor sources for growth they proTed 
excellent sources for sporulation. Buffering of media con-
taining urea or peptone had little effect on growth and 
sporulation compared with their respective unbuffered media. 
TABLE 27. 
Ni trogen 
Source. 
Casein 
Gelatin 
Albumen 
Peptone 
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Growth of M. pusillus on unbuffered media con-
taining organic nitrogen sources other than 
amino acids. 
(Growth expressed as mg. dry weight/ml.). 
Age of Mycelial Harvest (in hours) Cumula-tive 
36 60 84 108 180 Growth. 
0.26 0.88 1.58 1.89 2.25 6.86 
trace 0.13 0.20 0.28 0.2" 0.96 
0 0 trace 0.04 0.08 0.12 
1.41 1.71 2.45 2.49 2.63 10.69 
G1ycyl-Glycine 0.25 1.99 3.49 4.90 4.90 15.53 
Urea trace 0.58 1.27 2.86 3.34 8.~0 
Adenine 0.25 0.25 0.24 0.52 1.83 3.09 
Peptone + 1.10 1.57 2.04 2.40 2.49 9.60 
Buffer 
Urea + 0.63 2.24 2.72 3.43 3.44 12.46 
Buffer 
Glutathione No Growth 
Cytosine No Growth 
TABLE 28. 
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Sporulation of M. pusi1lus on unbuffered media 
containing organic nitrogen sources other than 
amino acids. 
-6 (Sporulation expressed as number of spores x 10 Iml. 
medium). 
Nitrogen Age of Mycelial Harvest (in hours) Cumula-
tive 
Source. 36 60 84 108 180 Sporula-
tion. 
Casein 0.29 3.76 5.72 7.07 3.96 20.90 
Gelatin 0 0.74 2.42 2.47 1.58 7.21 
Albumen 0 0 trace 0.97 2.72 3.75 
Peptone 2.60 3.92 1.92 4.48 1.92 14.84 
Peptone + 2.16 3.11 3.20 3.24 2.24 13.95 
Buffer 
G1ycy1 - 0.29 2.30 1.52 1.04 1.18 6.33 
Glycine 
Urea 0 0.36 0.80 0.52 0.-56 2.24 
Urea + 0.36 2.00 1.56 1.08 0.72 5.72 
Buffer 
Adenine 0 0 0.54 0.55 0.66 1.75 
Glutathione No sporulation. 
Cytosine No sporulation 
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CHAPTER 5. DISCUSSION. 
The effect of nitrogen-nutrition on the growth and 
sporulation of Mucor pusillus was investigated. Two methods 
of assessing growth were used in the present study - measure-
ment of colony diameter, and dry weight of mycelial aaS8. 
The measurement of colony diameter as a means of assessing 
growth rate is based on the assumption that linear extension 
of the colony is directly proportioned to the amount of growth. 
In certain cases this assuaption is not valid. Stocka and 
Ward (1962) measured the colony diameter of Rhizopus nigricans 
on media containing different amino acid mixtures and found 
that whilst the omission of single amino acids from the mixture 
had little effect on the colony diameter, such omission8 had an 
effect on the mycelial density and grades of growth were pro-
duced which varied from "sparse aerial IlJ"phae- to "heaT7 opaque 
aerial myceliua." For a Dutritional 8tud,- the mycelial dq 
weight method is preferable and was therefore the method used 
in this investigation. Br_cato and Golding (l95~), Cochrane 
(1958) and Cris&n (1959) are agree4, however, that the di .. eter 
of the fungal colony is a reliable meaaure of growth for the 
study of environmental factors if all other variables are ke~t 
constant. 
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For Mucor pusillus a comparison of the optimum temperatures 
obtained by the coloqr diameter method and dry weight method showed 
excellent agreement. Optimum temperature for the former method was 
defined as that temperature at which the fungus most rapidly completely 
covered the agar plate, and in the latter as that temperature at which 
the greatest ~celial weight was produced in the shortest time. The 
o c optimum tor lI. pusil1us was 45 by the 001003' diameter lIethod and 41 
by the dry weight method. 
In preliminary experiaents it was found that growth and 
sporulation were affected by a number of environmental factors. Por 
example, no sporulation occurred in shake cul ture, but in still culture 
the ooncentration of nutrients and acidity of the medium affeoted both 
vegetative and reproductive growth. The concentration ot oarbon 
souroe in the medium was not critical between 20 and 200 g./l. gluoose; 
messureable amounts of ~oelium and spores were produced in this range. 
The conoentration of the nitrogen source was much more oritical, 
affecting both growth and sporulation. ! concentration of 250 as. 1/1. 
medium was used because it was completely assillilable and p:" a high 
yield of vegetative and reproductive growth, without significant 
IVcelial auto1781a 111 the later stage. of oul tv •• 
fungi can be clas.ified into three group •. accordiD6 to their 
ability tc utili.e three different t7Pe8 of nitrogen, nitrate, 
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ammonia and organic nitrogen (Steinberg 1939). Members ot 
Group I can utilise nitrate, ammonia or organic nitrogen souroes 
and include some species ot MUcor 8S well as Baqf Actin~cetes, 
Ascomytes and lI'ungi aperteoti. Fungi in Group II are unable to 
use nitrate and are restrioted to the use ot ammonium salts or 
organio nitrogen as sole nitrogen souroe. This group oontains IIaD1' 
Pbyo~oetes and Basidi~oetes. Finally, in Group III are those 
tungi (mainly parasi tea) whioh have an absolute requiretaent faJ! 
nitrogen in an organic tor.. A similar tor. ot p~siologioal 
olassifioation was proposed by Robbins (1937) who included in a 
tourth group those tungi able to utilise atmospherio nitrogen. The 
ability to tix nitrogen is less widespread in the tungi than the 
baoteria, and only the yeasts Pullularia and Rhodotorula appear to 
_ have this ability (Metca1te and Chayen 1954). 
Mucor pusillus was found to utilise nitrate, ammonia aDd varioua 
forma at organiC nitrogen as sole nitrogen souroes and is therefore 
included in Group I ot Steinberg's Classification (equivalent to 
Group II, Robbins' Classifioation). The arrang .. ent of tung1 into 
group. bued on physiologioal properties IBq be aignifioaat t1'011 an 
evolutiODar.r standpoint. Progressive evolutiOD is often oorrel.ted 
with a loss of ~thetio ability (Cantino and Turian, 1959). More 
specialised organisms frequent11 lose the ability to synthe.i •• 
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simpler nutrients and require more complex building blocks for their 
nutrition. The ability of M. pusillus to utilise a full range of 
nitrogen sources indicates that the adaptations involved in the 
evolution of thermophily have apparent~ occurred without ~ lossc 
of synthetic ability. 
Under conditions of still culture in a chemically defined 
medium M. pusillus used nitrate and nitrite less readi~ than ammonia, 
which was completely assimilated after approximately two d~s growth. 
When nitrate and nitrite were nitrqgen sources th~ were detected in 
the culture medium after four days growth. When ammonium nitrate was 
the nitrogen source, ammonia was preferential~ assimilated, nitrate 
was not utilised until ammonia was completely exhausted from the medium. 
The lag period which preceded the assimilation of nitrate and 
nitrite is probably due to the inductive syntheses of reductase en~es, 
and subsequent reduction of these nitrogen sources to ammonia. A 
number of the en~es and intermediates are known in the reduction of 
nitrate to ammonia and the pathw~ is summarised belowl-
N03- ) 
nitrate 
reductase. 
Oxid at ion/ 
Reduction + 5 
State of 
Nitrogen 
atOll 
N0
2
- ~ ? 
nitrite 
reductase 
+ 3 
+ 
~ NH20H iJ NB4 
hydro%ylamine 
reductase. 
- 1 ';;'3 
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Little is known about the formation of hydroxylamine 
from nitrite:, though since a change of 4 electrons is involved 
it is unlikely that this is a single reaction. 
has proposed the following mechanism for the reduction of 
nitrite to hydroxylamine using nitric oxide (NO), nitroX11 (Noa), 
hJPonitrite (N202) and nitrous oxide (N20) as intermediatea:-
NO -2 
Oxidation/reduction 
State of nitrogen 
ato. + " 
/,NZO 
N202 1 
"-NO ~ (NOB) 
+ 2 + 1 
) 
- 1 
Preferential assimilation of ammonia over nitrate 
has been shown in Neurospora crassa (Kiasky 1961) and 
Aspergillus nidulan. (Cove 1966) to be due to the inhibition 
of nitrate reductase synthesis by ammonia. The repression of 
nitrate reductase activity by the reduction end product, aamonia, 
so-called "feedback inhibition" functions as a .. aDS of 
controlling nitrate utilisation. 
Inorganic nitrogen, in the fora of ammonia, is 
ultimately incorporated into organic co.pound., an iaportant 
acceptor molecule beinga(-ketoglutaric acid. Glutaaic acid 
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dehydrogenase isolated from Neurospora crassa has been shown 
to catalyse the amination of o<-ketoglutarate by ammonium ions, 
forming glutamic acid (Nicholas & Mabey 1960). 
In a study of fungus nutrition the most relevant 
nitrogen compounds are those which occur naturally, naaely 
proteins, peptides and amino acids. M. pusillus was grows 
on a medium containing individual amino acids as sole nitrogen 
source~ The fungus grew on all the aaino acids tested, with 
the exception of p-aminobenzoic acid (PABA), bydroxyproline, 
creatine and thyroxine. 
Hydroxyproline has been reported as preventing spore 
germination in Rhizopus arrhizus (Weber & Ogawa 1965). 
However among the Ascomycetes this amino acid was a utilisable 
nitrogen source for Penicillium l*iseofulvua (Bent & Morton 
1964), Aspergillus niger (S-teinberg 1942) and Venturia 
inegualis (Pelletier & Keitt 1954). In the present investiga-
tion and the literature, the inhibitory properties of 
hydroxyproline are li_ited to M. pueillue and R. ar~izue 
~d it may well be that this inhibition is a property of the 
Mucorale. only. to which both fungi belong. CertaiDly. 
hydroxyproline can be utilised by asco_ycete.. The non-
utilisation of PAB.l., hydroxyproline .. creatille .. d thyroxine b,. 
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M. pusillus may indicate an inability to synthesise the 
necessary deaminas8 or transaminase enzyme •• 
Of the 25 amino acids which were utilised by 
M. pusillus, glycine, alanine, proline, glutamic acid and 
aspartic acid supported the largest amounts of growth, while 
dihydroxyphenylalanine (DOP~) tryptophan, histidine, cysteine 
and cystine were poor nitrogen sourcea. 
Mo~not monocarboxylic amino acids with an 
unbranched carbon chain, e.g. glycine, alanine, serine, 
~-.. inobutyric acid, were better sources than branched chain 
amino acids, e.g. valine, norvaline, 1eucine, norleucine and 
isoleucine. This may be due to differences in peraeability, 
for while glycine, alanine and serine were coapletely 
assimilated from the aediu. within 60 hours, and~ .. inobutyric 
acid within 84 hours, valine, norvaline, leuci.e, norleucine 
and isoleucine were not completely .. similated until 108 hours 
incubation. There seems to be no relation between efficient 
utilisation of any amino acid and such properties .. 
isoelectric point, length of carbon chain, presence or ab.eace 
of sulphur, acidity, basicity or aroaatic propertie-. 
Deamination of amino acid nitrogen-sources resulted 
in a tall in pH of the culture medium to pH 3.0 - 4.5. ¥heD 
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buffered with sodium succinate the pH of the medium remained 
in the range 5.0 - 6.5. On buffered media almost all of the 
amino acids supported less growth, compared with growth in 
unbuffered media. Cysteine, cystine, methionine and 
histidine were exceptions, and M. pusillus grew better when 
these sources were contained in buffered me4ia. 
The uptake of amino acids by fungi is influenced by 
the pH of the culture medium. Whitaker (1966) found that 
in Penicillium griseofulvum the optimum pH for the uptake ot 
aspartic acid was pH 5.8, and for leucine and lysine 
pH 5.8 - 6.6. In Neurospora crassa phen11alaaine wa~ 
accumulated most rapidly at pH 5.5 (DeBusk & DeBusk 1965). 
A more acid range of pH optima existed tor Botrlti8 tabae 
(Jones 1963) where uptake of valine was optimal at pH ,.4 - 4.0, 
glutamic acid pH 4.0 and lysine at pH ,.0. The uptake ot 
glutamic acid at pH 6.0 and ot lysine at pH 7.0 were tound by 
Jones to be negligible. The increased growth of M. pusil1u8 
on amino acids in unbuffered rather than in buftered media maJ 
,reflect & pH optimua tor amino acid accumulation in the s ... 
rang. as Botrytis tab ... 
It ~as been stated (Cochrane 1958, Nichol .. 1965) 
that fungi usually grow better with a natural ~ artificial 
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mixture of amino 'acids than with any single amino acid. In 
the present work with M. pusillus, however, growth on an 
artifidal mixture of amino acids (present in equal propor-
tions on a total nitrogen basis) was inferior to that on 
individual amino acids, with the exception of cysteine, 
cystine, DOPA, tryptophan and histidine, all of which 
supported only poor growth. On the other hand a natural 
amino acid mixture, casein hydrolysate, was a better 
nitrogen source than all single amino acids with the 
exception of glycine, alanine, glutamic acid and prolim •• 
The amino acid composition of casein - high in leucine, 
proline and glutamic acid, and low in cysteine, cystine, 
tryptophan and histidine is evidently a favourable one tor 
the growth of M. pusillua. 
In experiments wh.re M. pusillus was grown on aD 
artificial mixture of 25 amino acids from which individual 
amino acids were o.itted, the exclusion of DOPA enhance. the 
growth of the fungus. No other amino acid significantly 
affect.d growth when omitted from the artificial mixture, 
which is in broad agr •••• nt with Foster'a view of the non-
essentiality of any aingle amino acid (Foater 1949 p.lll). 
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In a study of the effects of amino acids on the 
various stages in the life-cycle of Rhizopus nigricans 
(stocks & Ward 1962), DOPA, though not utilised as a 
nitrogen source. appeared on the one hand to hasten spore 
germination and on the other to delay spore production. 
The view that DOPA. since it is not a known constituent of 
the amino acid pools of micro organisas is not a Anoraal" 
amino acid. is fully accepted. However. the unexplained 
effects of this amino acid on growth and sporulation of 
M. pusillus and spore germination and sporulation of 
R. nigricana are none the less of interest. 
Of three proteins tested as sole nitrogen sources 
only one, casein, supported satisfactory growth of M. pusillua. 
That gelatin and egg albumin were very poor nitrogen sources 
for growth would see. to indicate either that deficiencie. 
exist in the proteinase aativity of M. pusillus or that the 
amino acid constitution of albuaia aad gelatin are unfavourable 
for this organis.. There is evidence to support both 
possibilities. With regar4 to their aaino acid co.positions 
albumin is deficient in aaDy amino acids - glycine, alanine, 
valine, leucine. isoleucine, phenylalanine, proline, aerine and 
threonine. aDd gelatiD. while havlng a virtually co.plete 
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amino acid complement. contains a high proportion of 
hydroxyproline - a known inhibitor of spore germination in 
Rhizopus arrhizus (Weber & Ogawa 1965). 
There are two pieces of evidence which may be taken 
to indicate proteinase deficiencies in M. pusillus. Firstly. 
the growth of this organism on unhydrolysed casein was only 
50% of that obtained on casein hydrolysate. Secondly, the 
inability of this fungus to utilise glutathione (~-gluta­
myclcysteylglycine) as a nitrogen source, though its 
components glutamic acid, cysteine and glycine were all 
potentially useable, points to a specific lack of the 
peptidases necessary for the hydrolyses of ~-glutaayl -
cysteine and cysteylg1ycine peptide bonds, Inability to 
utilise glutathione is all the more surprisiag aiace this 
compound is ai.ost ubiquitous in fungi, functioning as a 
coenzyme for triosephosphate dehydrogenase, an enzyae in-
volved in the production of energy fro. carbohydrate •• 
Though there have been a number of studies con-
cerning sporulation of mucoraceous fungi (Muller 1956, 
Stocks & Ward 1962, Sarbhoy 1965) only qualitative dat.were 
reporte4. In a nutritional study, where the sporulation 
response aay be quantitative, the use of arbitr~ description. 
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of sporulation 'such as "sparse", "moderate" and "profuse" 
are of limited value. Sporulation data have more 
application when:-
(1) Sporing is estimated quantitatively by counting or 
weighing spores. 
(2) Time-course experiments are used so that sporulation 
is assessed at several phases in the life history of 
the orgapislll. 
(3) Spore production is correlated with mycelial 
production. 
In M. pusillus the temperature range of sporulation 
was narrower than that ot growth. In still culture the 
o 0 fungus grew fro. 22 - 55 , but ot four temperatures tested, 
. .0 0 I. 0 0 sponlat10n occurred at 2~/ , 35 ,~7 and not a.t 5' • A.t 
5}O growth of the organism remained submerged and the usual 
aycelial aat was not produced. Horton!! .!iI:t (1958) reported 
that of all the factors inducing sporulation ot Penicilliua 
sriseofulvua the most influential was the exposure ot the 
fungus tO,aerial conditions. This is not surprising since 
these conditions probably approximate those which the tungua 
encounters in nature and to which it is adapted. 
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The concentration of nitrogen source which was 
optimal for growth of M. pusillus (250 mg Nil. medium) was not 
optimal for sporulation. There was an inverse relationship 
between sporing and concentration of nitrogen source. Sporing, 
expressed as the "cumulative sporulation index" was 8.4, at 
40 mg.N/1., 4.00 at 250 mg. Nil. and 1.70 at 500 mg. Nil. For 
a study of the ettect of nitrogen nutrition on sporulation, a 
concentration of 250 mg. Nil. was used since at this level 
M. pusillu. produced high sporulation counts trom ~celiua 
which underwent little or no autolysis. 
M. pusillus spored well on a wide rang. of inorganic 
and organic nitrogen source.. Especially high spore count. were 
obtained when ammonia, glutamic acid, tyrosine, serine, the 
sulphur-containing and basic amino acids, casein, gelatin, 
peptone and urea were nitrogen sources. As with growt_. 
buftering the medium tended to reduce sporulation both in actual 
spore counts, and in the "sporulation indes", an ettect 
especially aarked on media containing ammoni& or artificial 
mixtures of .. ino acids. 
Exceptiollally hip "sporulation iadice." were 
obtained with the protein and pol7Peptide sources testea. 
Casein and peptone contain a wide rangefat amino acids ud were 
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good sources both fiDr growth and sporulation. Wi th gelatin 
and albumin. however, high "sporulation indices" resulted 
from the production of moderate amounts of spore. by minute 
amounts of mycelium. Gelatin contains hydroxyproline as a 
major component and this may be responsible for high spore 
counts by preventing spore germination. Egg albumin is made 
up almost entirely of those amino acids effective in promoting 
sporulation - the sulphur-containing and basic amino acids t 
tyrosine and glutamic acid; while the monoaminocarboxylic 
acids and proline, which enhanced vegetative growth, are absent. 
There have been a number of stUdies on the external 
factors affecting sporulation in fungi and these are listed by 
Morton et al.(1958). 
--
Relatively little i8 known t however t 
about the ways in which external factors influence the internal 
changes necessary to cause the change from a vegetative to a 
reproductive phase. 
A nuaber ot investigations into biochemical change. 
as.ociated with induction of sporulation are now di.cu ..... 
Fro. an intensive study of the induction of sporulation of 
se~eral Penicillium .pecie. (Morton, England and Towler 1958, 
Morton 1961, Armstrong, England. Morton & Webb 1963) it wa. 
found that, for all the .pecie. te.ted, the ao.t influential 
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and immediate stimulus to conidiation was the emergence of 
submerged hyphae into the air. Under shake-culture con-
ditions, where the mycelium remained submerged. sporing could 
only be induced by special factors such as a high carbon : 
nitrogen ratio, the presence of a "sporing factor" identified as 
anhydroglucose. or a high concentration of calcium ion. For 
++ Pen. notatua a concentration of Ca of 35 p.p.a. was 
necessary to induce maxi8wa conidiation; strontium and 
barium also induced sporulation but were less effective 
(Hadley & Harnold 1958). 
Another factor associated with sporogeneaie is 
changing enzyme activit7. In the mitochondria of sporulatin'f 
as opposed to non-sporulating,aycelium of Neurospora crasaa 
there is induction of isocitrate lyase and reduction of 
Krebs Cycle enzymes, causing activation of the glyoxalate 
cycle (Turian 1960, Weiss & Turian 1966). The activit7 of 
isocitrate 17a ... coupled with that of ~yoxalat~ 
alanine transaminase. leads to increased synthesis of 
glycine which is necessary for synthesis of the purine rin,. 
The shift from the Krebs to the glyoxalat. C7cle is thought 
to be associated with the increased nucleio acid s7Dth •• i. an. 
nuclear division during sporulatio~. Increased activity of 
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proteinase and nuc1eaaa enzymes has also been demonstrated 
in sporogenous mycelium of Pen. griseofulTUm (Morton 
Dickerson & England 1960). 
Changes in the rate of respiration may also induce 
sporulation. In bacteria, a correlation has been suggested 
between the cutting-off of a supply of energy to the cell, and 
endospore formation (Foste~, 1956). An analagous process 
may occur in fungi. The induction of ~ygospore formation in 
a heterotha1lie strain of Rhizopus sexualis and of 
sporangiospore (asexual spore) formation in homothallic 
strains of Mucor hiemalis and Phycomyces blakeslee anus 
have been correlated with a check in the rate of respiration 
of these fungi.(Hawker and Hepden 1962). 
The respiration rate, in turn, can be affected by 
nitrogen supply. In the mucoraceoua fungua, Zygorhyncua 
moelleri, t~. respiration rate was doubled by the addition of 
an ammonium nitrogen source; the rate of respiration fell almost 
to its original level upon exhaustion of the ... oaia frOB the 
mediua (Koses 1954). It seems possible, therefore, that 
peak sporulation of M. puaillus which usually coincided with, 
or immediately follow~, exhaustion of the nitrogen source, 8&1 
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be associated with a check in respiration rate due to the 
absence of an assimilable nitrogen source. 
Although tbere is an enormous amount of information 
concerning fungaJ. morphogenesia (Ainswortb & Sussman 1966, 
Vol. 2) the fundamental problems remain unsolved. Of the 
many metabolic changes known to occur in sporulation not 
one has been proved unequivocally to have a causal connection 
with morphogenesis. 
CHAPTER 6. 
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THE· EFFt,CT OF GROWTH TBMPER. TURE ON THE :rATTY 
ACID COMPOSITION m' FUNGI IN ThE ORDER MUCORALES. 
There are conflicting reports in the literature on 
the effect of envinonmental temperature on the composition of 
the fatty acids of filamentous fungi. In some fungi increases 
in lipid unsaturation occur at higher growth temperatures 
(Pearson and Raper 1927, Gad and Hassan 1964, and Shaw 1966), 
whilst in others the lipids become more unsaturated at lower 
growth temperatures (Gregory and Woodbine 1953, Singh and Walker 
1956, Salmonowijz and Niewiadomski 1965, and Shaw 1966). In 
other fungi there appeara to be little relationship between 
temperature and fatty acid composition (Prill, Wenck and 
Peterson 193~ and Bowman and Mumma 1968). 
Since previous investigations were all conducted with 
mes~philic fungi, the maximum temperature at which lipids have 
been studied in growing fungi is around 350 • In the present 
study, by using psychrophilic, mesophilic, thermotolerant and 
thermophilic species belonging to the saae Order it has be.n 
possible to investieate the fatty acid composition of filamentou. 
fungi over virtually their entire temperature range. Change. in 
fatty acid composition during the growth cycle were followed at 
100 and 200 in psychrophiles, 250 in mesophiles and 28° and 480 
in thermotolerants and thermophile •• 
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6.1. The Fatty Acid Composition of the Mycelium of 
Temperature-Adapted Filamentous Fungi in the Mucorales. 
'.11 Experimental Procedure. The following species 
were used, a full record of their provenance is included in 
Se c t i on 1.2,. 
(i) Psychrophiles. M. strictus (3 isolates). 
M. oblongisporua (2 isolates). 
(ii) Mesophiles. M. hiemalis (+ and - strains), 
M. mueedo, M. raeemosua, M. ramannianus. 
(iii) Thermotolerants. Rhizopus sp.l, Rhizopus sp.ll. 
(iv) Thermophilea. Mucor sp.l, Mueor sp.ll, Mucor s,.lll 
(M. miehei), Rhizopus sp.lll. 
All species were grown on the basic medium plus 
glucose (20 g./l.), ammonium sulphate (250 mg. Nil.) and sodium 
BUccinate (5 g./l.). In the cases of M. ramannianus. 
M. racemosus, M. miehei and Mucor sp.l, the medium had to be 
supplemented with yeast extract ( 5 g./l.). Culture .ediu. wa. 
dispensed in 200 mI. portions in 750 al. Erlenmeyer flaaka. The 
pH of all media was adjusted to 6.0-6.5 prior to autoclaTing at 
15 lba./in. 2 for fifteen minute •• 
Inocula were grown on the above .edi. solidifie4 with 
agar (20 g./l.) and dispensed in flat medicine bottlea. 
Psychrophiles were incubated at 10°, mesophiles at 25°, therao-
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tolerants and thermophiles at 480 • After 2-3 weeks growth the 
spores were removed by shaking with sterile ice-cold distilled 
water. The resulting spore suspension was diluted with sterile 
-6 distilled water to a density of 1.5-2.0 x 10 spores/ml. Each 
culture flask was inoculated with 5 ml. of standard spore 
suspension. Flasks were incubated in still culture at the 
indicated temperatures and harvested in triplicate after suitable 
incubation periods. The mycelium was removed by filtration on 
sintered glass discs and washed with distilled water. The 
mycelium was dried overnight at 800 , cooled in a desiccator, 
weighed and powdered in a small grinder. 
The powdered mycelium was extracted in a Soxhlet apparatus, 
the lipids hydrolysed and the fatty acids methylated and analysed 
by gas-liquid chromatography (GLC). 
6.12 The Identification of Individual Fatty Acids Kxtracted 
in this Investigation. 
The peaks were provisionally identified by comparison 
of retention times with those of authentic standards. The .et~l 
esters of fatty acids used as reference were obtained from 
Fluka A.G., Buchs, Switz. and included methyl esters of C 12 to 
C 20 straight chain saturated fatty acid., as well as the methyl 
esters of palmitoleic, oleic, linoleic andC>(-linolenic acid. 
O<-Linolenic acid can be clearly separated fro. the I-isomer by 
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GLC on diethylenegiycolsuccinate. The methyl esters of C 18 
fatty acids extracted from mucoraceous fungi gave the following 
retention times relative to methyl stearate: oleate 1.09; 
lino1eate 1.30; t -1inolenate 1.52. The methyl ester of 
authenticO<-1inolenic acid had a retention time relative to 
methyl stearate of 1.69 (c.f. James 1959 and Shaw 1965). 
Complete identification of fatty acid esters was obtained 
by combined gas chromatography - mass spectrometry. .A comparison 
between mass spectra of the methyl esters of the C 18 unsaturated 
acids extracted in this investigation and mass spectra of 
methyl esters of authentic fatty acids .howed that the C 18 
monoene was identical with methyl oleate, the diene with methyl 
linoleate, and the triene with methyl ~ -linolenate. A comparison 
of their mass spectra showed that the C 18 triene was not 
methylc<-linolenate. 
In early experiments six esters ul-u6 consistently 
appeared in chromatograms; these esters did not correspond to 
any known fungal lipid esters and experiments were undertaken 
to identify them. Reaction of the mixture of tatty acid esters 
with mercuric acetate (Goldfine and Bloch 1961), which resulted 
in the formation of mercury adducts,with the unsaturated 
components, followed by chromatography on a Florisil COluaD, 
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Complete mixture of fatty acid esters. 
F 
G 
• , , • iii i i 
'0 Sf 10 ..... ... 35" .iQ :IS' .10 
TII'\ii;. ""IIIIUTItS. 
F 
G Unsaturates. 
u4 D 
iii , • " iii' 
~1S'''",,,,,~,_.u».~ .... 
,."".. "" ... u,..5. 
C 
c 
Saturates. 
E 
, , • , e • • • • 
_ " g ~ _ • ~ • ~ ~ .. r • 
T~. "" .... 1'&1. 
FiG. 9. Gas chromatographs of esters of fatty acids from mucoraceous 
fune;i after separation of the saturated and unsaturated 
fatty acids, as their mercuric acetate adducts, on a Florisil 
column. (A = laurate, B = myristate, C = palmitate, 
D = palmitoleate, E = stearate, F = oleate, G = linoleate, 
H = linolenaLe, tu - u6 = "unknown" esters). 
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separated the mixture into saturated and unsaturated esters (Fig.9). 
"Unknown" esters Ul, U2 and U3 were found to be saturated, 
whilst U4, U5 and u6 were unsaturated. 
The degree of unsaturation of the "unknown" esters u4, 
U5 and u6 and of the "known" esters D, F, G and H (see Fig.l2) 
was checked by chromatography of the complete mixture of fatty 
acid esters on a column of Florisil impregnated with silver 
nitrate (Willner 1965). The elution pattern is given in Table 
29 and illustrated in Fig. 10. Of the "unknown" unsaturated 
esters, u4 had one double bond and was eluted together with 
methyl palmitoleate and methyl oleate: U5 had two double bonds 
and was eluted with methyl linoleate, while u6 had three double 
bonds and was eluted with methyl linolenate. 
The complete mixture of fatty acid e8tera was investigated 
by combined gas chromatography - mass apectrometry; the aasa 
spectrum for each component wasobtained on at least two occasions 
during the elution of the peak. The mass spectra of two fatty 
acid esters, Component C and Component U2 were considered in 
detail (Fig.ll) since these esters had similar retention times 
on DEGS and silicone S.E.30 columns, and similar chromatographic 
behaviour on a column of Florisil impregnated with silTer 
nitrate (Fig.lO). 
TABLE 29. 
Eluant. 
Hexane 
0.5% Ether 
1.0% " 
2.% 
" 
4.0% 
" 
5.0% " 
7.% 
" 
10.0% 
" 
15.0",h 
" 
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Elution of fatty acid esters from a Florisil-silver 
nitrate column. 
(10 ml. fractions collected. 
analysed b7 GLC). 
Volume Fractions 
of Combined. 
Eluant 
(Ill.). 
100 ml. 1-10 
in Hexane 200 Ill. 
" " 
200 Ill. 
" " 
200 Ill. ~ 14-102 
(combined) 
" " 
200 Ill. 
" " 
200 Ill. 
" " 400 a1. 117-147 
" " 
300 ale 148-164 
" " 
100 Ill. 179-188 
Each 5th fraction 
Identity of 
Eluate. 
myrist~te, 
palmitate, stearate , 
Ul, U2, U3. 
palmitoleate. 
oleate, u4. 
lino1eate, U5. 
vacea of 
monoenoic estera. 
1inolenate, U6. 
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Complete ~ixture· 
of fatty acid 
esters. 
!.iaturates. 
j·lonoenes. 
Dienes 
Trienes. 
Fig.IO. 
1 
J __ ---.--Ij 
1'1""'. "' .... 1'.S. 
Gas chromatographs of esters of fatty acids from 
mucoraceous f~~3i, separated in saturates, mono-, 
di-, and trien&~ by chromatography on a 
Florisil/ AgN03 .:ul'.lmn. 
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On the basis of retention time data on DEGS and 
Silicone S.E.30 columns, and chromatographic behaviour on a 
Florisil column impregnated with silver nitrate, Component C 
was tentatively identified as methyl palmitate. Confirmatory 
evidence was obtained by mass spectrometry; the molecular ion 
of Component C at !I~ 270 corresponding to the mass of methyl 
In addition, ~- cleavage and 
transfer o~ a ~ -hydrogen atom (McLafferty Rearrangement) 
resulting in the formation of a strong peak at !I~ 7~, and loss 
of -OCH3(!I~ 239) provided further evidence for a straight chain 
methyl ester. 
The retention time of Component U2 on silicone S.E.30 
was between that of a c16 methyl ester and a C17 methyl ester, 
and chromatography on a Florisil column impregnated with silver 
nitrate indicated that Component U2 was a saturated ester. 
The maS8 spectrum of component U2 showed a molecular ion at !I~ 
284, which sugt,"ested a f.tty acid ester containing one .ethylene 
group more than Component C (methyl palmitate). ~ -cleavage 
of Component U2 resulted in a prominent ion at !I~ 88 indicating 
that thi8 component was not a straight chain methyl ester. 
Both aD o(-methyl branched methyl ester (I) and a 
straight chain ethyl ester (II) would give rise to aD ion of 
!I~ 88 by McLafferty rearrangement and cleavaga. 
f-' 
88 
f-' 
o 
:'I 
" .... ; $4- COMPON£N'T U2.. 
I 101 ~ , 
+ 
I 
1,*, 
~ 
l .... 
~ 
• 
11+-) 1'1 111 1.11 2.~" , 
J I I I L,. I J I I I I I 
So 100 ISO ~oo ~so 
J!lj.£. 
Fig.ll. Mass spectra of representative "known" rond "unknown" esters of fatty acids from 
mucoraceous fungi: Componer.t C (lle;hyl palmitate) and Component U2 (ethyl palmitate). 
(M+ represents the molecular ion). 
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.+ 
I. (; C~3 OR II I 
- C - OCH3 :. C = C -
CCH 
I 3 
H !!V'~ 88. 
.+ 
II. H OH 
I I 
~ ~ = C - OCH2CH3 
H !!V'~ 88. 
In Component C the loss of the methoxyl group resulted 
in a peak at !I~ 239 (molecular ion - methoxyl group, i.e. 
270 - 31 = 239). If Component U2 were an ~-methyl branched 
chain methyl ester a peak at !I~ 253 would be expected due to 
loss of a methoxyl from the molecular ion. However, in the 
mass spectrua of Component U2 no peak occurs at !I! 253, though 
there is a peak at !I~ 239 consistent with the loss ot aD 
ethoxyl group from the molecular ion (284 - 45 • 239). 
Examination of the aass spectra of all the "unknown" 
fatty acid esters (Ul - U6) showed the absence of a peak 
equivalent to the loss of a methoxyl group from the aolecular 
ion (molecular ion - 31 mus uni t.) t and t}:a'presence of a peak 
due to the loss of an ethoxyl group tro. the molecular ioa 
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(molecular ion - 45). Therefore all the unknown components 
could be shown to be, not C>(-methyl branched methyl esters, 
but normal ethyl e.ters. Further evidence that Components 
Ul - u6 were ethyl esters was the presence due to ~ -cleavage 
of strong peaks at !I~ 88 in each case and the absence of 
strong absorption at !I~ 74 characteristic of straight chain 
methyl esters. 
The ethyl esters Ul - u6 were present as artefacts 
in the mixture of fatty acids isolated from fungi, and their 
formation was the result of the carDy-over of very small 
amounts of ethanol from the lipid hydrolysis stage to the 
subsequent esterification. In early experiments th. hydrolysis 
was carried out by refluxing the crude lipid with ethanolic KOB. 
When, in all later experiments the lipid was hydrolysed with 
methanolic KOH the components Ul - u6 were not foraed. 
6.13 The Growth, Lipid Content and Fattz Acid Coapositioa 
of Temperature-Adapted MucoraceOUB Fungi. 
Da~ for the effect of incubation temperature on the 
growth, lipid yield and fatty acid composition are presented, 
for psychrophiles (Table 30), mesophilee (Table 31), 
thermotolerante (Table 32) and thermophiles (Table 33). 
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TlcEI:::-; 30 • The .E ffect of Incubation Tempe rature on the Fat ty i,cid .. Composition of t he Lipids of Psychrophilic lungi . 
I 
. 
Gr ganism ti . stri c tus (CBS .I00 . 66) M. strictus (CBS. 576 . 66) 'j }1 . strictus (CBS . 575 . 66 ) 
, i 
-j 
Incubation 1 
-, 
Tempe r ature . 10° 20° 10° 20° f·~' 
10° 20° 
J 
-
Incubation 21 28 10 14 21 28 10 14 21 28 10 
. 
4 28 14 21 28 
~ ime (days) 10 14 21 28 10 14 • 
21 10 
L 
( 
I If 
GroVith 0 . 61 1 . 69 
1 . 42 
( rnc; . dry \J t . /ml. ) 0 . 71 1.14 1. 51 0 . 31 0 . 69 1 . 56 2 . 27 0 . 42 0 . 47 0 . 80 1 . 33 0 . 29 0 . 47 1 . 24 2. 37 0 . 42 0. 57 0 . 85 0 . 33 
0 . 70 2 . 35 
. 
Li pid Yie ld 
( , of dry '/e i 5ht) . 13 . 2 19 . 1 20 . 5 16 . 9 15 . 8 16 . 5 20 . 4 21 . 5 7 . 8 16. 9 20 . 8 19 . 8 15. 0 21 . 4 18 . 5 24 .. 4, 11.1 l7 . 2 19. 3 16 . 2 15. 2 17.6 
18. 4 21 .4 
I 
', ' 
fa tty Acid 
14: 0 
. ' 
6. 5 6 . 9 6. 4 8 . 3 4 . 5 4 . 3 3 . 3 5 . 0 9. 9 7. 4 5. 2 5. 6 3. 6 5. 7 3. 4 9. 6 3 . 6 
4 . 7 7. 0 7. 9 4 . 3 5 . 2 5. 2 4 .. 8 
16 ~ 0 
. 24 . 4 
10 . 5 14 . 0 15. 2 15 . 0 25 . 0 18 . 5 Il8 • O 21 . 5 15 . 2 20 . 0 20 . 5 22 . 4 19 . 3 18. 0 18 •. 4 15 . 7 19.7 17 . 0 14. 0 16 . 2 17. 5 20 . 9 23 . 1 , 
16: 1 1. 8 2 . 1 2 . 5 2 . 4 2. 4 2 . 5 2 . 8 2 . 5 2. 8 1 . 8 2. 2 1 . 9 2. 6 2.5 2. 4 2. 0 3 . 0 2 . 3 1 .7 
2. 4 2. 4 2. 4 2. 6 2. 3 
I I 
18: 0 7. 5 5 . 5 7. 7 9. 3 8 . 1 2 . 7 4 . 0 4 . 2 7 . 8 8. 2 8. 9 9. 2 12 . 0 8. 3 7 .1 6"~ 8 10 3 9 .. 1 9. 7 
8. 0 9 . 8 4 . 4 5 . 1 5. 7 
18 ~ 1 35 . 6 37 . 2 34.7 32 . 7 35 . 9 35 . 0 45 . 0 41 .. 2 2~. 6 36 . 0 36 . 1 34. 8 40 . 0 42 . 5 45 . 0 41 . 0 36 .7 j 33. 4- 34.7 3
4•6 42 .. 5 41.3 46 . 3 42 . 4 
18: 2 14 . 2 16 . 6 13 . 1 12 . 0 12. 6 19 . 3 13 . 9 13.2 16. 0 13 . 6 11 . 8 11 . 6 12 . 7 11. 5 14. 8 13.2 14 . 5 
17.5 17.7 12.7 12. 8 13. 5 9. 8 11 .. 4 
18: 3 20 . 6 17 . 7 20 . 3 20 . 0 11 . 4 16 . 0 12. 9 12.3 18. 2 17.4 15.1 14. 2 9. 8 11. 5 8 . 7 11. 8 10 . 2 16.0 15. 2 
18.1 11 . 6 11 . 8 6 . 7 10. 4 
DeGree of 1 . 26 1. 26 1 . 14 1 . 17 1 . 06 0 .. 89 Unsaturation 1 . 24 1.13 0 . 98 1.24 ,", 1.07 1.14 1.18 1.08 1.03 0 . 98 1.03 1 . 04 0 . 94 0 . 99 
1.1~ 1 . 19 1 . 06 0 . 99 
I 
t, ~ ~. i n 
-
I I;:; I;;,. ... 
, 
• ·i 
· 
'I ~ 
.- dl 
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TABLE 30 t continued) . The effect of Incubat ion Temper ature or the Fatty Acid Composition of the Lipids of Psychrophilic Fungi . 
- -
Or ganism M. obI 0!:1~is l2 0rus (C BS. 173. 27) M. ob1oQgisEorus (CBS.220.29). 
Incubative 10° 0 10° 25° 
Temperature 2: 
Incubation 10 14 21 28 10 I 28 10 14 21 28 10 14 28 
Time (days ) 
Growth 0 . 44 0. 47 0 . 69 0.94 0.1 6 0 . 48 0.55 0 . 66 0.76 0.40 0 . 70 1.22 (mg . dry wt ./ml . ) 0 .07 
Lipid yield 10.0 19 .1 13. 2 20 .0 2.5 1 (% dry weight) . 16.0 7 .. 6 14.2 17.2 10 . 8 4 .. 5 9 .. 8 10.3 
Fatty Acids 
14, 0 1.0 5. 8 9 .. 5 
I 10.0 5.3 5.0 4. 2 8.0 5.3 4. 2 4.0 7.2 5. 1 
16:0 23. 0 20 . 6 20 . 2 14 . 5 30.0 22.0 I 
16.6 21.8 18.8 16 .. 0 18.8 14.0 12.1 
16=1 2. 8 2. 4 2.9 2. 4 28. 2.4 2.8 2.6 2.2 1.9 2.2 2.1 1.9 
18;0 13.1 7. 8 16.0 14 .• 3 l{) . 4 10.1 9.1 12.0 9.2 10.8 10.8 11. 7 10.2 
18;1 37.3 38. 2 24 . 6 28 .1 'YJ . 6 21. 8 34 . 5 32. 3 29.4 26. 6 28.3 27. 5 29.6 
18: 2 14.0 15. 9 14. 5 19.6 12.7 18.9 16.1 14.1 18.1 20.0 16. 6 19. 2 
20,6 
18, 3 9.1 11 , 2 11 . 4 14.0 8.4 14.9 12.0 12,3 17, 9 19.7 17.7 21.3 21.3 
Degree of 0 , 95 1.03 1.01 1.12 0. 84 1.07 1.05 1.00 1 .. 22 1.29 1.17 1.30 1. 37 
I Unsaturation ! 
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T;.!.., ..... ....: 31 • Fa t ty ... ci d Com_ osi tion of the lipids of HesQphilic Fun gi during gro\vth at 250 • 
I .--=--,... 
Or Jan isI:l . ' . rauannianus E . H. mucedo 1>1 . hiemalis + • I ' M. hiemalis -~'~ . r a cemosus 
':ime of It 7 14 4 7 14 4 7 14 4 7 14 :. . Harve s t(days) . .; j 7 14 
1 
GrO'..,rth 1. 10 1.25 3. 52 0. 58 0. 86 1. 54 0. 69 1.25 4. 44 0. 75 1.75 2. 69 0. 82 (me . dry vlt . /m1. ) I 1 . 77 2. 75 
~ipid yield 19 . 8 16. 6 15 . 2 8. 2 19.0 I 9. 8 12 . 8 15. 2 12. 0 18. 8 18. 0 18 .1 15.1 19. 3 (% of dry wei . ht) 17. 2 
Fat ty rtcid . 
14: 0 1.4 1. 6 1. 6 4. 1 3. 1 2. 7 4. 1 0. 8 1.1 2. 3 1 . 8 1 . 8 .4. 3 2. 8 2. 4 
16, 0 16. 2 17 . 6 18. 5 18. 7 17 . 8 16.9 15. 5 12. 0 16 . 8 16 . 2 15. 5 15. 2 22 . 2 15 . 6 14. 5 
16 :1 2. 7 3. 1 2. 6 3. 4 3. 3 2. 9 3.0 3. 1 1.4 2. 8 2.0 3. 2 3. 4 3. 3 3.1 
18: 0 7. 2 5. 9 4. 4 5. 5 5. 9 4. 6 6.1 9. 3 11.3 20 . 0 17. 2 9. 6 16. 2 12 . 8 9. 7 
18 :1 35 . 4 28 . 7 28 . 0 31. 3 38. 2 36 . 5 22 . 1 26 . 1 30. 5 31 . 3 38. 6 36 . 8 'i 27 . 5 26 . 5 32. 6 
18, 2 15. 8 13. 1 13 . 5 14 . 1 12. 7 16 . 6 27 . 5 25 . 3 32. 9 13. 2 18. 5 19 .. 4 14. 6 19 . 8 18. 8 
18 , 3 21.1 29 . 1 30 . 9 20 . 9 18. 8 19. 4 22 . 3 20 . 2 6. 4 11. 6 18. 2 14. 8 12.4 18. 9 19. 2 
Degree of 1. 33 1. 45 1 . 50 1. 25 1. 23 1.28 1.47 1.40 1.16 0. 96 1. 19 1.21 0. 96 1 . 26 1 . 29 Unsaturation I ..... 
~f 
TAD:"'~ 32 
Cr t;anism 
Incuba t ion 
Temperature 
Incubat ion 
Time (days ) 
Growth 
(mc . dry ' . ."t . /01. ). 
Lipid Yield 
( I uf dry ',;e i r,ht) 
F-tty .,cid 
14~ 0 
16~ 0 
16 ~1 
18 :0 
18 ~ 1 
18: 2 
18~ 3 
Degree of 
Unsaturation 
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Lhe effect of Incubation Tempe r a ture on the Fatty Acid Com osition of the Lipids of 
'l'herraot o1erSnt Fungi. 
, 
(a) T{h izopus sp . 1 1 (b) RhizoEuS sp . II. 
28° 48° I 280 480 
4 7 14 4 7 I 14 4 7 14 4 7 ,> 
I 
0. 69 1.17 1.49 1.25 1. 63 1 . 54 1.05 0. 95 1. 38 0 . 69 1.25 
43 . 2 45 . 3 25 . 7 21.5 23 . 0 . 11 . 6 20 . 8 32 . 8 24 . 6 22 . 9 25 . 8 
trace 1.2 1.4 1.5 3. 0 trace 2 . 5 1.0 1.7 3. 4 0 . 8 
24 . 6 18 . 4 20 . 6 29 . 4 20 . 2 23 . 3 24 . 3 19 . 1 24 . 6 22 . 7 25 . 4 
2. 8 2. 3 2. 3 3 . 0 2. 5 3. 0 3 . 0 2. 8 2 . 5 2. 8 :;; . 0 
0 . 2 10 . 5 5 . 2 1c . 6 11.3 18 . 6 10 . 0 10 . 0 3 . 9 13 . 0 8. 2 
35 . 9 32 . 5 30 . 0 35 . 6 36 . 1 34. 9 30 . 7 26 . 4 29 . 4 42 . 3 37 . 2 
17 . 8 23 . 8 28 . 6 14 .1 20 . 6 21 . 8 19 . 4 28 . 0 27 . 5 19 . 7 19. 8 
9. 3 12 . 4 11.9 6. 4 5 . 8 5 . 1 8 . 9 13 . 6 12. 3 15 . 0 5. 5 
1.02 1.14 1.22 0 . 80 0 . 95 0. 94 0 . 99 1.24 1.20 1 . 29 0. 94 
., 
14 
1.19 
29 . 8 
trace 
24 . 3 
3. 0 
7. 9 
33.8 
24 .4 
6. 3 
1.04 
-'. 
, 
. 
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Tl T'I E 33 • 7he effect of Incubation TCIDle r a ture on 
t he Fatty Acid Composition of the Lipids of Thermophilic 'ungi • 
. " 
Cr/:,an ism . (d) Eucor Sp a I . (e) Hucor sp . II . 
I' (f) Hucor sp . III ( g ) Rhizopus sp . III . 
,'. " (Mucor miehei) 
'. , 
• :." 
Incubation 28° 48° 28° 48° 
~, [ -
28° 48° 36° 48° 
'iemperoture 
, 
Incubation 4 7 14 4 7 14 4 7 14 4 7 14 4 7 
14 14 7 14 14 
Ti me (days ) 
7 
f 
Gro~/th 1. 00 2. 95 4 . 34 2. 90 4. 34 4. 75 1. 81 2. 80 4. 00 3. 01 3. 46 3. 61 0. 67 1.66 1.74 (ms . dry wt . /m1. ) 
4 . 38 0 . 32 1.12 0 . 85 1 . 87 
/ 
Linid Yield 21. 8 24 . 8 22 . 6 19 . 4 
. 
36 . 4 25 . 2 19 . 4 25 . 4 26 . 0 8 .. 4 24 . 6 7 . 8 C/ of dry -le i ht) • 13 . 2 35 . 9 
25 . 1 11.9 21. 0 8. 8 32 . 5 13. 1 
i· 
I 
.latty Acid : 
14 : 0 1. 7 1. 2 1. 0 1.7 0 . 9 0 . 8 trace trace 
trace trace trace trace I ' 1. 3 1.4 1. 6 1. 8 truce 1. 3 1.9 1.6 
18 . 8 20 . 9 
;, 
20 . 3 22 . 4 22 . 8 
16 : 0 1(. 5 18. 8 22 . 2 20 . 9 19 . 7 22 . 5 21. 2 21.2 32 . 0 29 . 1 
27 . 7 24 . 0 34 . 0 44 . 8 30 . 0 
3 . 8 3 . 3 
I : ~ 3. 5 3 . 4 3.0 3 . 0 2. 8 
16 : 1 3 . 0 2. 8 3 . 2 2. 9 3.0 3 . 2 3 . 3 3 . 0 
2. 9 2 . 9 , 3 . 0 3.1 3. 2 
18 : 0 9. 2 4. 8 2. 3 2 . 7 1.7 2. 3 4. 1 3 . 8 
1.7 2. 4 3 . 3 3 . 8 5. 7 5 . 8 4. 7 6 . 3 5. 3 6. 2 3 . 3 7. 0 
18 : 1 47 . 1 53 . 4 49 . 1 49 . 7 54. 9 55 . 1 49 . 2 52 . 4 55 . 1 
50 . 1 45 . 4 57 . 8 47. 9 43 . 7 47 . 8 48 . 0 53 . 5 39 . 5 33 . 4 43 . 5 
I' 16.4 
18: 2 l 4 . 1 12. 5 13. 6 17 . 6 15. 3 12. 6 15. 0 13 . 5 
12 . 6 19. 4 13 . 7 10 . 1 14 . 5 15. 8 10. 3 11. 9 14 . 3 8. 5 15. 3 
18·. 3 7 . 8 5.0 8. 4 6. 0 4. 2 3 . 1 4. 6 4. 0 
4. 0 2. 9 1.8 3 . 2 5 . 2 5. 8 4. 1 2 .0 2. 0 2. 2 3. 0 3. 3 
Degree of 1.01 0 . 96 1.04 1.03 1.04 0 . 96 0 . 96 1. 06 1 . 00' 0 . 79 0 . 91 
0 . 98 0 . 93 0. 95 0 . 76 0 . 84 0 . 76 0. 60 0 . 86 
Unsaturation 0. 91 
! 
,-
I 
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The thermotolerant and thermophilic fungi all grew 
well at 280 and 480 except Rhizopus sp. III which barely grew 
at 280 and was therefore grown at 36° and 48°. The mesophilic 
° fungi grew well at 25 • All the psychrophilic species grew 
well at 10°, but at 25° only M. oblongisporus (CBS.220.29) 
was capable of good growth; M. oblongisporus (CBS.173.27) 
growing poorly and M. strictus not at all. 
o grown at an upper temperature of 20 • 
M. strictu. was 
In mesophiles and psychrophiles the percentage of 
lipid in the mycelium remained fairly constant throughout 
the incubation period, but in thermotolerants and thermophile a 
th. amount of mycelial lipid varied with the ageof the myceliua, 
usually reaching a peak in the early stages of culture. In 
the high temperature species, concentration of mycelial lipid 
invariably reached 30 - 40% of the dry weight of the fungua. 
In mesophiles and pa7chrophiles however, the fungal lipid 
rarely exceeded 20% of the dry weight. Posaible explanation. 
of the higher concentration of mycelial lipid in fungi grown at 
high temperatures are discussed in Chapter 8. 
Qualitatively all the fungi tested were very ai.ilar 
in that they invariably aontained the same sevea,fatty acid., 
namely myristic, palmitic, palmitoleic, stearic, oleic, linoleic, 
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and linolenic acid; lauric, pentadecanoic, pentadecenoic and 
heptadecanoic acid were present in trace quantities. 
In the present study the absence of c.(-linolenic 
acid was confirmed; the triply unsaturated c18 acid was 
identified as ~ -linolenic acid, which is in agreement with 
the findings of previous workers that only the Jr-isomer is 
present in phycomycete fungi (Bernhard and Albrecht 1948, 
Shaw 1965, 1966, 196~ White and Powell 1966, and Tyrrell 1967). 
There were marked differences in the relative propor-
tions of fatty acid esters of psychrophilic, mesophilic and 
thermophilic fungi (Fig. 12). The lipids of thermophilic 
fungi characteristically contained large quantities of oleic 
acid (around 4~ of the total fatty acids) and much smaller 
quantities of linoleic acid (approximately l~) and linolenic 
acid (3 - 5%). Thermotolerant, mesophilic and psychrophilic 
fungi all contained lipids in which oleic acid was present in 
smaller proportions (30 - 38%) and linoleic acid (15 - 2~) 
and linol.aic acid (8 - 19%) in much larger proportions. 
Differences in the relative proportions of mono-
unsaturated and polyunsaturated acids led to differences in the 
overall saturation/unsaturation ratio of the lipid. Such 
differences are conveniently expressed by calculating the de~ 
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F 
G 
• 
It 
I 
u • U $ • , 0 
...... JeMM",.. 0 
1'1"'1. "" ... uTa •. 
THERl10PHILE 
MESOPHILE 
PSYCHHCPHlLE 
Fig.12. Ga~ chromatographs of methyl esters of fatty acids from 
psychrophilic, ~sophilic and thermophilic fungi in the 
Hucorales. (A ~ laurate, B = myristate, C = palmitate, 
D = palmitoleate, E = stearate, F = oleate, G ~ linoleate, 
H = linolenate). 
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of unsatur~tion of the lipid (Kates and Baxter 1962) which 
is expressed as the number of double bonds/mole, and is 
calculated by adding the percentage of individual fatty acids 
multiplied by their number of double bonds and ti~ding by 100. 
I 
The lipids of psychrophilic and mesophilic fungi 
had similar degrees of unaaturation and were more unsaturated 
than the lipids of thermophilic fungi. The effect of incubation 
temperature on the lipids of thermotolerant fungi was especially 
marked. When thermotolerant fungi were grown at 280 their 
lipids had degrees of unsaturation similar to those of 
psychrophiles and .esophiles, but when grown at 480 the lipids 
of thermotolerants showed a degree of unsaturation similar to 
that of thermophiles. 
Among the high-temperature fungi, the mot thermophilic 
species were Rhizopus sp.III and M. miehei with maximum growth 
temperatures of 600 and 570 re~ectivel7. Their lipids were 
the most saturated epcountered in this stud7, the low degrees 
of unsaturation being due to unusually small proportions of the 
polyunsaturated fatty acids (linoleic and linolenic acid). 
The influence of environmental temperature OD the 
degree of unsaturation of the lipids was identical in all the 
fungi examined. As a broad generalisation the mycelial.lipids 
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were more highly unsaturated when the organism was grown at a 
lower, rather than a higher incubation temperature. There were 
exceptions however. In M. oblongisporus (CBS. 220.29) the 
o lipids of cultures grown at 25 were more unsaturated than 
o those grown at 10 • In addition, the lipids of young cultures 
were more highly unsaturated when grown at the upper temperature; 
as the fungus aged the lipids became aore unsaturated in cultures 
grown at the lower inCUbation temperature. The same effect was 
shown in young cultures of the mesophilic phycomycete 
pythium ultimum grown at 200 and 300 (Bowman and Mumma 1968) and 
o 0 the psychrophilic yeast Candida lipolytic. grown at 10 and 25 
(Kates and Baxter 1962). 
These result. indicate quite clearly that growth at 
different temperatures does result in changes in the fatt,. acid 
composition of the lipids. In mature cultures the lipids are 
lIore unsaturated when the organisll is incubated at a lower 
temperature. However, the tact that in yOUDg mycelium the 
lipids are lIore unsaturated in cultures grown at the upper 
incubation temperature, suggests that other factors influence 
the degree of unsaturation of fungal lipids. Nsttitional 
factors, such as the relative amounts of nitrogen and caZboa 
source accumulated by the young rapidl,. growing cultures, or tke 
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pH changes in the medium consequent upon the uptake of these 
nutrients, may affect the fatty acid composition. 
In the following chaFter the effects of nutritional 
factors. such as type and concentration of carbon ~d nitrogen 
source, and physical factors, such as pH, incubation temperature 
and oxygen concentration, on the fatty acid composition of fungal 
lipids are described. 
6.2. The Fatty Acid Composition of the Lipids of Spores of 
Temperature-Adapted Filamentous Fungi. 
There have been several investigations of the fatty 
acid composition of the lipids of fungal spore •• In soae 
studie. unusual fatty acids have been found to fora a significant 
proportion of the spore oi~ In the order Uredinalea (the rust.) 
cis -9,10 -epoxyoctadecanoic acid formed up to ~ of the spore 
........ 
oil (Tulloch, Craig andLedingham 1959. Tulloch and Ledingh .. 1962). 
In the order Erysiphales an analysis of the fatty acids ot spores 
of two specie.s of mildew s .... d that Sphaerotheca humili contained 
42% behenic aci4t which is rarely found in fungal lipids and then 
only in trace amounts. while in Erlsiphe graainis the spore oil 
contained 45% of an unidentified tatty acid thought to have a 
branched chain. or cyclic &Vat .. (Tulloch and Ledinghaa 1960). 
Sclerotia of Claviceps purpurea contained 3~ ricinoleic acid 
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(12-hydroxystearic acid), though the presence of this fatty acid 
was not demonstrated in any other member of the order Hypocreales 
so far examined (Shaw 1965). It may be, therefore, that the 
presence of ricinoleic acid is specific to the genus Claviceps. 
Linoleic acid has been found as a major component of 
the lipids of spores in widely different groups of fung~, 
amounting to 60% of the total fatty acids of sclerotia of 
Sclerotium rolfsii (Howell and Fergus 1964), and 65% of the 
spore f~tty acids of Penicillium atrovenetum (Van Ktten and 
Gottlieb 196,). In the fruiting bodies of some Basidiomycetes, 
linoleic acid accounted for over 70% of the total fatty acids 
(Hughes 1962, Bentley !1!!. 1964, Shaw 196~, whilst spore 
fatty acids of the smut, Tilletia foe tens contained 63% 
linoleic acid (Tulloch and Ledinghaa 1960). 
Of the groups so far mentioned the clas8 Phyco~~ete. 
is conspicuously absent, and to remedy this position the fatty 
acid composition of spores of phycomycete fungi was examined. 
The experiment. described in this section were performed with 
three objects in view. Firstly to determine whether the 
fatty acid composition of sporangiospores was essentially 
similar to that of related mycelium. The second aim was to 
see whether the spore lipids were influenced by the incubation 
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temperature in the same way as mycelial lipids. The third 
was to investigate whether spore lip~ds were affected by the 
composition of the culture medium. 
6.21 The Effect of Incubation Temperature on the Lipids 
of Sporangiospores of Temperature-Adapted Fungi. 
6.211 Experimental Procedure. The species used 
in this experiment were as follows:-
mesophilic. M. mucedo. M. racemosua. 
M. ramannianus and M. hieJlalis ( ... strain). 
thermotolerant. Rhizopus sp. I. 
thermophilic. M. miehei. and M. pusillus. 
The culture media as described in Section 6.11 con-
taining agar (20 g./l.) were poured aseptically into flat 
medicine bottles and allowed to solidify into agar slopea. 
Mesophiles were incubated at 250 , thermotolerants and theraophilea 
at 250 and 480 for a period of 14 daya. 
By scraping lightly with a spatula, spores were re-
moved from the surface of mature cultures and taken up into ic.-
cold distilled water. Spore suspensions fro. a nuaber of 
replicate cultures (usually 20-25 medicine flat bottles) were 
pooled and the spores separated by centrifugation. The spore 
pellet was dried, powdered in a small grinder and the lipid. 
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extracted in a S~xhlet apparatus. Spore lipids were hydrolysed, 
the fatty acids methylated and analysed by GLC. 
In early experiments the lipids were extracted from 
spores harvested from only six replicate cultures. In the~ 
experiments, GLC analyses revealed, in addition to the usual 
fatty acids, the presence of a group of high molecular weight 
fatty acid esters which constituted a major proportion of the 
total. These esters, which were identified by combined gas 
chromatography-mass spectrometry as isomeric dinonylphthalates. 
were present as contaminants in the benzene used for lipid 
extraction in parts per hundred thousand, probably arising fro. 
contact with plastic material, in which dinonylphthalate is 
commonly used as a plasticiser. All solvents were therefore 
redistilled before use, and to prevent possible extraction of 
dinonylphthalate from the pipette teat, dropper pipettes were 
used in which a bulb had been blown in the stem to prevent 
contact between solvent and pipette teat. Using these pre-
cautions dinony1phthalate was no longer detected. 
6.212 Results. Data for the lipid yield and fatty 
acid composition of the spore lipids of temperature-adapted 
mucoraceous fungi are presented in Table 3~. 
The lipid yield and fatty acid composition of the .p~s 
and mycelium of any fungus were found to be essentially sia!lar. ~ 
lipid content of spores of mesophilic fungi was much lower th .. 
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TABL~ 34. The ef fect of incub1tion t emperature on the f a tty ac1d oomposition of spores of mesophilio, thermotolerant and thermophilic 
fungi . 
Temyer a i,ure ) ~:30PHILIC THERMOTOLERANT. THERMOPHILIC . Status . 
"I 
Species !,'. rnuced o. Ii . ramannianus . M. rflcemosus r.r . hiema1is Rhizo12us S12' I. lie mie hei. M. 12usillus . 
Temper ature 25° 250 25° 25° 25° 48° 25° 48° 25° 48° 
LirJid Yield 3. 7 7. 6 4. 1 8. 4 16.1 10 . 4 29 . 4 n . 3 19. 3 16.1 (% of dry wt . ) , 
r· Fatty Acid II i' ' i--' 
14~0 2· 5 4. 1 4. 9 2.0 ii ~ 6.0 5.8 5. 6 4.0 1.0 1. 3 
16~ o 21.3 18.7 21. 8 15.0 ~~ ~ . 27.3 22 . 6 24 . 4 26 . 3 25 . 4 28. 6 
I 
16:1 
, .. 
3. 5 3. 4 3. 8 2.1 ; 2. 9 2. 8 3. 1 4. 8 3.0 2. 9 ~ 
18:0 12. 6 5.5 9.1 17. 1 ;, . 1?1 13. 8 11 . 3 9.9 4. 8 7.1 1 ' 
18: 1 27. 2 31 . 2 31. 4 28.0 
1t 
28. 8 40 . 1 32. 6 44 .0 42. 2 39. 4 ~; 
18: 2 21.0 14 . 1 14 . 9 17. 9 
, ~, 10 . 6 11 . 0 13. 1 5. 9 19 . 0 17. 2 
'f: 18: 3 12.0 6) . 9 14 .1 18.0 ,:~. 12.1 4 . 0 9. 3 4,4 4. 5 3. 4 t, \ 
, . 
Degree of 1.08 1. 25 1.07 l.~ ' ti;,. 0 . 89 0.77 0. 88 0.72 0. 97 0.87 Unsa turation . p 
I' • d ' . 
. -
. 
i 
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that of spores of thermotolerant and thermophilic fungi; an 
exact parallel of the situation in mycelia of temperature-
adapted fungi. 
In each species examined, the fatty acid composition 
of spore and mycelial lipids were extremely similar, though 
generally the lipids of spores were more saturated than the 
lipids of the parent mycelium. In these respects the spore 
lipids of the mucoraceous fungi examined here were similar to 
Pithomyces chartarum (Hartman 11~. 1960, 1962) in which the 
spore lipids closely resembled the mycelial lipids; the spore 
lipids of P. chartarum also were more saturated than the 
mycelial lipids. 
Spore lipids were influenced by incubation temperature 
in the same way as mycelial lipids being more unsatur.ted when 
grown at the lower incubation temperature. The patterns of 
fatty acids in spore lipids of mesophiles, thermotolerants and 
thermophiles were identical with those in mycelial lipids of 
these fungi; the lipids of mesophiles containing greater 
proportions of the polyunsaturated fatty acids (linoleic and 
linolenic acid) and lower proportions of oleic acid, compared 
with lipids of thermotolerants and thermophilea. 
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6.22 The -Effect of the Composition of the Culture Medium 
on the F~tty Acid Composition of the Lipids of 
Sporangiospores of M. pusillus. 
6.221 Experimental Procedure. The media used in 
this experiment were as follows: 
(i) Glucose-Ammonia Agar, in which glucose (20 g./l.), ammonium 
sulphate (250 mg. Nil.), and agar (20 g./l.) were 
added to the basic medium. 
(ii) Glucose-Ammoni·a-Yeast Extract Agar was similar to 
glucose-ammonia agar except for the addition of yeast 
extract (5 g./l.). 
(iii) Glucose-Nitrate Agar in which glucose (20 g./l.), sodiua 
nitrate (250 mg. Nil.), agar (20 g./l.) were added to 
the basic medium. 
(iv) Potato-Dextrose Agar, "Oxoid" proprietory brand. 
Sterile medium were poured into sterile medicine 
flat bottles and allowed to cool into agar slopes. Twenty-fiTe 
medicine bottles of each medium were dispensed. The bottles 
were inoculated with spores of M. pusillus, incubated at 480 
for fourteen days, and the spores removed by scraping lightly 
into ice-cold deionised water. The spores were separated by 
centrifugation, dried, powdered in a small grinder and the lipids 
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extracted in a Soxhlet apparatus. The lipids were hydrolysed, 
the fatty acids methylated and analysed by GLe. 
6.222 Results. Data for the effect of different 
nutrient culture conditions on the lipid yield and fatty acid 
composition of the lipids ot spores from M. pusil1us are 
presented in Table 35. The composition of the culture medium 
had an effect on the lipid content which varied fnom 7.5-14.3% 
of the total dry weight of the spores. The fatty acid 
composition however appeared unaffected by differences in 
nutrient culture conditions. 
These experiments indicate that the lipids of spores 
are affected by some of the environmental factors which affect 
the synthesis and composition of the mycelial lipids. A number 
of factors affecting the synthesis and degree of uDsaturation of 
the mycelial 1ipidsof M. pusi11us are investigated-in Chapter ~en. 
TABLE 35 
Culture 
r';edium. 
Lipid yield 
O~ of dry wt.) 
Fatty Acids 
14:0 
16:0 
16:1 
18~0 
18:1 
18:2 
18:3 
Degree of 
Unsaturation. 
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The effect of different nutrient culture 
conditions on the fatty acid composition 
of the spores of H. pusillus. 
'.aucose Glucose Glucose Potato 
Ammonia Id trate Ammonia Dextrose 
AL;ar. i'gar. Yeast Ex- Agar. 
tract Acar. 
14.3 7.5 10.5 12.2 
1.3 1.5 1.2 1.5 
29.0 32.8 26.9 30.7 
2.6 3.1 3.4 3.0 
7.9 4.1 8.6 4.7 
38.8 37.3 39.7 39.4 
17.3 18.0 17.2 17.3 
3.0 3.3 3.0 3.1 
0.85 0.86 0.86 0.82 
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ENVIRONMl!1i'llAL FAC'l'OftS AFF'lOOTING THE DEGREE ()lI' 
UNSAIJ.1lJRATION OF THE LIPIDS OF MUCOR PUSILLUS. 
In the previous ohapter it was shown that, in general, 
the lipids of fungi grown at a lower temperature were lIore un-
saturated than those grown at a higher temperature. However there 
was an exoeptiona in the early stages of growth, cultures 
synthesised more unsaturated lipids when grown at the higher, rather 
than the lower, temperature. 
It .asconsidered theretore, that factors other than 
temperature intluenoe lipid synthesis, and the effect of a number 
of environment variables on the fatty acid composition of Mucor 
pusi11us .ere studied. 
7.1 The Patty Acid Composition of the Neutral and CO!pOUDd 
Lipid Fractions of ~ pusil1ua. 
Separation at the lipids of EwUena (Erwin and !loch, 
1964:), blue-green algae (Leyin .!1.1l.. 1964), ciliate protosoa 
(Erw~ am Bloch, 196.}·) and basidiolVoetes (Leegwater.!1 Jl.. 1962, 
Talbot and Vin1Dg 1963, and Bentley .!1.!!. 1964) into neutral and 
compound lipids revealed differences in the specifiC fat~ acid co.-
position of the two fractions. In all these organ1s .. the p~-
unsaturated fatty aoids were found mainly in the ooapound lipids, 
- 133 -
while the neutral lipids were rich in saturated and monoenoic 
fatty acids. 
In the literature there are conflicting reports about 
the distribution of specific fatty acids between the lipid 
fractions of phycomycete fungi. Shaw (1966 ) separated the 
mycelial lipids of Cunninghamella blakesleeana and found the fatty 
acid compositions of the neutral and the compound fractions to be 
almost identical. However, in Pythium ultimum separation of 
the lipids revealed marked qualitative and quantitative differences 
in the fatty acid compositions of the phosopholipid, monoglyceride, 
free fatty acid and triglyceride fractions (Bowman and Mumma 1968). 
In view of this apparent contradiction, coupled with 
the fact that the distribution of fatty acids between various 
lipid fractions may have phylogenetic significance (Shaw 1966a) 
it was decided to study the fatty acid composition of the lipids 
of Mucor pusillus after separation into neutral and compound 
fractions on Davison's silica. 
7.11 Experimental Procedure. To the basic medium was 
added glucose (20 g./l.), ammonium sulphate (250 mg. NIl.) and 
sodium succinate (5 g./l.). Medium was dispensed in 200 ale 
quantities into 700 ml. Erlenmeyer flasks and autoclaved at 
15 Ibs./in. 2 for 15 mins. Each flask was inoculated with 5 ale 
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standard spore suspension of M. pusillus and incubated at 480 • 
Cultures were harvested after 3, 6, 10 and 14 days incubation, 
the mycelial mats removed and dried prior to extraction of the 
lipid. 
After Soxhlet extraction for 8 hr. in benzene: 
ethanol (594:257) most of the solvent was removed from the lipid 
by evaporation ~ vacuo; the remainder being taken to dryness 
under a stream of nitrogen. The crude lipid was quickly 
weighed, then taken up in benzene and fractionated into neutral 
and compound lipids on a column of Davison'. silica prepared in 
benzene. Neutral lipids were eluted with benzene, and compound 
lipids with ethanol. The composition of each lipid fraction was 
checked by thin-layer chromatography. The solv .. t was removed 
from each fraction under nitrogen and the lipids quickly weighed 
before hydrolysis with 0.6 K methanolic KOB. The resulting 
fatty acids were methylated and analysed by GLa. 
7.12 Result •• Data for the growth and lipid synthesia 
of M. pusillus and its fatty acid composition of the total, 
neutral and compound lipids are presented in Table 36. 
Th. highest lipid content of the mycelium was found 
after three days incubation and then fell steadily in the 
later stages of culture. The fall in lipid content was due 
36 • 
Incubat ion 
}eriod ( days) • 
Growth 
: (n t; . dry \.v t. /ml 
Lipid yield 
(,,~ of dry \-I t . ) 
l i pid fr action. 
lei ht of 
fr&ction ( r:lg* 
Fatty aci d 
14;0 
16: 0 
16: 1 
1£: 0 
le: l 
18~ 2 
18~ 3 
De ~ree of 
Uns",tur<lti on 
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The fa tty acid compos ition of the t otal , neutlal and compound lip i ds a t different times in the growth 
cycle of M. pus illus . 
-
3 6 10 14 
2. 85 3.19 3. 71 3. 75 
24. 0 16. 0 13. 0 3. 7 
I 
To t al Ireutral Compound Total Neutral l Compound Total Neut r al Compound Total Neutral 
Li pids Li pids Lipids Lipids Lipids 1 Li p i ds Li p i ds Lipids Lipids Lipids Lipids 
298 183 94 271 69 188 293 56 220 280 79 
1. 2 1. 0 1.1 1. 5 1. 6 1. 3 1.1 1. 4 1.5 1. 6 1 . 1 
29 . 9 27. 6 28 . 2 31. 3 29 . 7 29 . 8 31. 3 29 . 0 29 . 0 28 . 6 28 . 5 
2. 8 1.7 1. 4 2. 4 1.6 1.2 3 . 1 1. 9 2.1 3. 6 1.3 
lr . 8 5. 5 5. 3 3. 5 2. 2 3. 5 4.0 5.0 3. 4 3. 9 5. 3 
36 . 6 41. 8 42 . 2 40 . 0 43 . 6 39 . 6 38 . 3 40 . 2 40 . 5 39 . 7 44 . 5 
20. 2 18. & 18. 5 17 . 7 19. 0 21 . 8 17. 4 20. 0 20 . 5 18. 3 19. 0 
4. 5 3. 5 3. 2 3. 7 2. 4 2. 9 4. 9 2. 6 3. 3 4. 2 ~. 3 
0. 93 0. 91 0 . 90 0. 89 0. 90 0.93 0. 91 0. 90 0. 93 0 . 92 0 . 88 
I 
Compound 
Lipids 
193 
1.9 
30 . 0 
1 . 9 
4. 9 
39. 6 
18 . 5 
3. 2 
0. 88 
I 
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to a reduction in the neutral fraction, which was composed 
mainly of triglyceride, together with a small proportion of 
sterol ester. The Compound fraction was composed mainly of 
phospholipid, together with free fatty acids and sterols. 
There was a marked similarity between the fatty acid 
composition of the total (unfractionated), the neutral and the 
compound lipids, at all stages during the growth cycle of 
M. rusil1us. This result would seem to confirm the findings of 
Shaw (1966) with C. blakesleeana that there is no differential 
distribution of fatty acids in the lipid fractions of phycomycetes. 
However in view of fatty acid distribution in the lipids of 
p~ u1timum (Bowman and Mumma 1968) it is clear that not all 
phycomycete fungi show this proportionality. It may be that in 
this respect oomycete fungi (e.g. P. ultimum) differ from 
zygomycete fungi (e.g. C. blakesleeana and M. pusi11us~ 
7.2 The Effect of Different Carbon Sources. 
In common with other members of the Mucorales 
M. pusi11us cannot use cellulose or hemicellulose as a carbon 
source (Yung Chang 1967). This fungus was also unable to grow 
with ~inulin, ethanol, ethyl acetate, mesoerythritol, lactic 
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acid, sorbose or citric acid as carbon source (Scholer and 
Muller 1966). However, starch, glycogen, disaccharides and 
monosaccharides all formed a suitable source of energy (Scholer 
and Muller 1966, Yung Chang 1967), as did glycerol and succinic 
acid (Scholer and Muller 1966) and paraffin (Fergus 1966). 
Although the synthesis of lipid by mucoraceous 
fungi has been studied (Galloway 1949, Woodbine, Gregory and 
Walker 1951, Chesters and Peberdy 1965 and Shaw 1966) no 
investigation has been performed on the effect of different 
carbon sources on the fatty acid composition of the lipids 
of these fungi. In a study of the effect of different culture 
conditions on the fatty acid composition of the lipids of the 
Ascomycetes, Penicillium sophi and Aspergillus niger 
(Salmonowicz and Niewiadomski 1965) it was found that altering 
the source of carbon had an extremely strong in6luence on the 
degree of unsaturation of the lipids. 
In view of the absence of comparable data for any 
group other than the Ascomycetes, the effect of carbohydrate and 
non-carbohydrate carbon sources on the fatty acid composition 
of the lipids was investigated in M. pusillus. 
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7.21 Experimental Frocedure. The following carbon sources 
were incorporated into the basic medium plus ammonium sulphate 
(250 mg. N/l.) and sodium auccinate (5 g./l.):-
(i) glucose (20 g./l.) 
(ii) maltose (20 g./l.) 
(iii) starch (20 g./l.) 
(iv) paraffin wax (9g./l.) 
(v) sodium stearate (10 g./l.) 
(vi) sodium succinate (27 g./l.) 
(vii) sodium acetate (27 g./l.) 
The carbon concentration of all media was the sam. - equivalent 
to glucose (20 g./l.). 
Media were dispensed in 200 al. portions into 700 ale 
Erlenmeyer flasks, medium containing paraffin wax being dispensed 
after warming to melt the paraffin (m.pt.45° - 50°). In order to 
dissolve the sodium stearate in the culture medium a few drops of 
"SPAN 20"(Sorbitan monolaurate. BDH, Reagent) were added. 
After autoclaving at 15 Ib/in2 for 15 mins. media were 
inoculated with 5 ml. standard spore suspension of M. pusillus and 
incubated at 50°. Cultures were harvested in triplicate after 3,6, 
9 and 12 days incubation, when the mycelium was removed and dried 
prior to the extraction of the lipid. After extraction and hydro~. 
of the lipid the fatty acids were methylated and analysed by GLe. 
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Results. Data for the growth, lipid yield and fatty 
acid composition of the lipids of M. pusillus grown on different 
carbon sources are presented in Table 37. 
The fungus grew well on carbohydrat. carbon sources, 
badly on paraffin wax or succinate, and not at all on stearate 
or acetate. Because only slight growth occurred on paraffin 
v~ and succinate only one harvest was possible for these 
sources. 
On the carbohydrate sources, both growth and lipid 
synthesis increased throughout the incubation period. The lipid 
content of mycelium grown on a succinate medium was rather 1e •• 
than that of mycelia grown on media containing carbohydrate 
carbon sources. It was not possible to measure accurately the 
growth or lipid content of mycelium grown on paraffin wax aediu. 
because harvested mycelium cont~D.d globules of wax adhering to 
the hyphae. 
The fatty acid composition and degree of unsaturation 
of the lipids were remarkably constant at all times of harve.t 
and on all the media tested except for young (3-day) culture., 
in which the degree of unsaturation was higher than at other 
stages of growth. 
These results are apparently in direct contrast witk 
the situation in the ascomycete fungi.Penicillium sophi and 
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-;"}.' ?::: ct 0: j i.:' ~ 'r'i.t Cdr:)On 'JOlJrcc·· on th~ ('row'th, 1i !lid yi eld ::md f tty acid comp osition o~ H. nusillus. 
I~: 
I 
f 
'-'- --
' .. 
Carbon Source Gl ucose al tose Starch Paraffin Sodium 
I· e wax Succi nat!j 
Incubat ion I 
period (days) .3 6 9 12 3 6 9 12 3 6 9 12 12 12 
Growth 1. 98 3.06 3. 51 3. 17 2.06 3.55 3. 96 4.08 1.92 3.13 3. 39 3. 84 0.39 0 .10 (mg . dry wt.,inL) 
Li pi d yi el d 11. 7 15.0 24 . 1 34 . ) 14.0 18. 2 11.2 32. 4 16. 9 13.0 14. 8 .30 . 0 12.5 (% of dry Vlt . ) -
F"ltty Aci d 
l 4 ~ 0 1.4 1. 3 1. 6 1. 6 1.3 1.9 1.4 1. 6 1.5 1. 4 1.6 1.8 1.5 1. 4 
1.( : C 29 . 2 31. 3 31. 2 31. 6 ?7.0 29. 7 31 .9 29 . 8 29. 4 29 . 1 31 . 7 28. 9 29. 8 29.7 
16: 1 ?o 2. 9 2. 2 4. 2 2. 1 1.9 ,:.~: 2 . 8 3. 7 1.4 2. 2 2. 4 5. 0 3. 6 3.9 
18:0 1. 1 5. 6 5. 0 5.4 3. 5 6. 5 ·,; '·'5.4 5.0 4. 5 6. 9 5. 3 8. 3 6. 0 4.9 
18: 1 ,,(' Q j • 35 . 1 35 .7 34 . 0 35 .7 36.0 35.3 38. 1 37.3 36. 2 35. 6 34 . 3 34 . 4 35.6 
16: 2 22 . 7 20 . 2 20 . 9 19. 4 25 . 4 20. 5 20.0 17. 6 2l.1 20 .3 20 .3 18. 1 21.1 18.8 
12; 3 3. rJ 3. G 3.4 3. 7 11 . 9 3.5 3.1 3. 6 4.0 3. 3 3.2 3.6 3. 2 3. 9 
Degroe of 0. 95 0 . 89 0. 90 0. 88 1.03 0. 89 . 0.87 0. 88 0. 94 0. 88 0. 88 0. 86 0. 90 0. 89 
'J saturation 
t .,,\~ 
h 
. 
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Aspergillus niger, in which the effect of different carbon 
sources on the fatty acid composition and degree of unsaturation of 
the lipids was extremely strong (Salmonowicz and Niewiadomski 1965). 
For example, when Pen. sophi was grown on media containing similar 
carbon sources such as glucose, maltose or starch, the degrees of 
lipid unsaturation were, respectively, 1.40, 0.88 and 1.26; on a 
sucrose medium the lipids were extremely saturated (degree of un-
saturation 0.38). Similar results were obtained for Asp.niger. 
It should be mentioned however that in the investigation by 
Salmonowicz and Niewiadomski the fatty acids were analysed on only 
one occasion during the growth cycle of these fungi. In addition, 
the length of the incubation period was not stated. neither was it 
clear whether all treatments were incubated for the same length 
of time. 
In an experiment to investigate the effect ot 
harvesting cultures of different age, it was found that in 
Pen. sophi the fatty acid composition of the lipid was affected 
by the age of the culture. the lipids becoming more saturated 
as the fungus aged (Salmonowicz and Niewiadomski, 1965). After 
5 days growth on a glucose medium the degree of lipid unsaturation 
was 1.50 and this value fell progressively to 1.26 after 10 days, 
and 0.54 after 16 days incubation.· 
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It seems probable therefore that the changes in fatty 
acid composition of the lipids of Pen. sophi and Asp. niger, 
resulting from altering the source of carbon in the medium, are 
attributable to differences in the rate at-which the cultures 
mature on each particular energy source. Time-course experiments 
with analysis of the fatty acid composition at several stages of 
growth of Pen. sophi and Asp. niger would provide information 
on this point. 
7.3 The Effect of Different Nitrogen Sources. 
7.31 Experimental Procedure. The following 
nitrogen sources were used:-
(i) 
(ii) 
(iii) 
(iv) 
(v) 
(vi) 
(vii) 
ammonium sulphate. 
ammonium sulphate + sodium succinate (5 g./l.). 
ammonium nitrate. 
sodium nitrate. 
sodium nitrite. 
casein hydrolysate. 
leucine. 
The nitrogen sources were autoclaved separately and then added at 
a level of 250 mg. Nil. to sterile basic medium plus glucose (20 g.~) 
The complete media were dispensed aseptically in 200 ml. portion~ 
into sterile 700 ml. sterile Erlenmeyer flasks and inoculated with 
5 mI. standard spore suspension of M. pusillus. The flasks were 
incubated at 480 and harvests of three replicate flaaks were aade 
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4, 7 and 14 days after inoculation. Mycelial mats were dried 
and weighed prior to extraction of the lipid. After hydrolysis of 
the lipid, the fatty acids were methylated and analysed by GLe. 
Results. Yields of mycelium and lipid after 4, 
7 and 14 days incubation at 480 are shown in Table 38, and Fig.13. 
When casein hydrolysate, buffered ammonium sulphate, 
ammonium nitrate and sodium nitrate were nitrogen sources the fungus 
produced large quantities of mycelium of high lipid content. 
Growth was also good on leucine, though the mycelium accumulated 
a relatively small proportion of lipid. In contrast, sodium 
nitrite and unbuffered ammonium sUlphate supported poor growth, 
though the mycelium had a high lipid content. 
GLe analysis of the fatty acids of M. pusillua indicated 
that the source of nitrogen in the culture medium, and the tiae of 
harvest of the mycelium significantly affect the fatty acid composi-
tion of the lipids. When ammonium sulphate was a nitrogen source 
in unbuffered conditions the pH of the medium became very acid and 
no increase in dry weight occurred after the fourth day of incuba-
tion. On this source the lipids became more saturated in the later 
stages of culture. However on all other nitrogen-sources tested tiB 
lipids became more unsaturated as the fungus aged (Fig.l4) and older 
cultures generally contained higher proportions of linoleic and 
linolenic acid8. On these sources the pH drift was less acid than 
on unbuffered ammonium sulphate, and growth continued until the 
fourteenth day of culture. 
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T o., ~ .1" .. .0 .. _ ..... 11::, r_he effect of different n i t ro :~e n SOU.r ces on the growth, lipid yi eld and f atty acid composition of !!!ll. usi11us . 
! Ammon ium s ul phate , I I. itrogen source . ~L1!nonium sulphate . n.nd sod i um Ammonium ni trate . Sodium ni t r a te . Sodium nitrite . Hydrolysed Leucine . 
casein . sue c inLt te . ", 
I Incubation per iod 4 7 14 4 7 14 4 7 14 4 7 14 4 7 14 4 7 14 4 7 14 I ( d, ys) 
--
'it I 
'} r o' .• t h 2 . 20 2 . 45 2. 42 2 . 65 3. 35 5 . 42 2 . 78 3 . 90 5 . 15 1. 41 2 . 20 4 . 85 1. 56 2 ~ 08 2 . 25 3 . 00 4 . 42 5.&7 1.00 1.65 3 . 70 (M - . cry 'vIt . /I"'I. ) 
. 
I_ i ~ id yield 13 . 8 20 . 1 17 . 2 7 . 2 23 . 1 13 . 8 11. 6 21. 8 28. 5 8 . 5 21.3 18 . 0 8 . 3 _4.1 17 . 3 16 . 7 19 . 9 13 . 2 8. 6 11. 8 6 . 5 (.' of dry ':leip-h t) . 
_'("tty acids 
14: 0 0 . 9 1. 1 1. 5 1.0 1.0 1.2 1 . 9 0 . 8 1.0 1 . 1 1.0 1.3 1 . 4 1 . 5 1.0 0 . 9 1 . 0 1 . 5 1 . 2 1 . 1 1.3 
16~ 0 20 . 3 23 . 6 21. 3 23 . 5 19 . 6 21. 5 25 . 2 17 . 7 25 . 1 25 . 8 27 . 5 21. 0 39 . 1 24 . 0 23 . 0 29 . 0 20 . 4 23 . 6 20 . 3 27 . 5 21 . 0 
1( : 1 4. 0 4 . 2 4 . 5 3 . 5 4. 0 3 . 7 3 . 0 3 . 2 3 . 3 2 . 2 4 . 0 3 . 6 4. 0 3 . 5 4 . 1 3 . 6 3 . 0 3 . 4 3 . 2 3. 2 3 . 1 
1£: 0 5 . 7 7 . 7 8. 5 6 . 7 1. 9 3 . 2 9 . 3 1.0 4. 0 8 . 3 2 . 6 6 . 7 8 . 0 5. 9 2 . 3 4. 6 2 . 8 4 . 1 5 . 0 2 . 8 2. 2 
l e . l 47 . 8 47 . 1 51 . 3 41. 5 42. 1 43 . 2 40 . 5 47 . 7 43. 5 40 . 5 43 . 2 46 .7 33 .0 h1.5 44 . 0 39 . 2 45 . 2 41.7 48 . 2 37 . 8 48. 0 
18 ~ 2 18 . 1 14. 0 8 . 7 19 . 7 29 . 3 20 . 1 18. 4 23. 6 17 . 3 17 . 8 19.2 16 . 6 12.1 20 . 6 18 . 4 19 . 7 24 . 4 18 . 9 18 . 2 23 . 7 18 . 4 
IG ~ 3 3 . 0 2 .0 4.0 4 . 1 2. 0 7 . 4 2 . 6 6. 0 6. 0 4 . 1 3 . 0 4 . 6 2.4 ~ . O 7 . 2 3 . 0 3 . 1 6 . 7 3. 9 4.4 6. 5 
1)C g-ree of 0 . 97 0 . 85 0 . 85 0 . 97 1.11 1.09 0 . 88 1.16 0 . 99 0 . 90 0 . 94 0 . 97 0. 68 0 . 95 1.06 0 . 90 1 . 06 1.03 0 . 99 1.01 0 . 97 Uns tur[;ti on I 
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7.4. Effect of the Initial pH of the Culture Medium. 
The effect of pH on the fatty acid composition of 
the lipids wasmvestigated by incubating pre-grown mycelial 
mats in media of different hydrogen ion concentration. 
7.41 Experimental Procedure. To the basic 
medium was added glucose (20 g./~) casein hydrolysate 
(250 mg. Nil.) and sodium succinate (5 g./l.). The medium was 
then divided into 5 portions and the pH of each portion adjusted 
with 1 N NaOH or 1 N HCl to give media of the following pH 
values: 2.0, 4.0, 6.0, 8.0, 10.0. The culture medium, 
dispensed in 200 ml. aliquots into 700 .ml. Erlenmeyer flasks, 
was autoclaved and inoculated with mycelial mats from three 
small flasks of inoculum. The inoculum was grown on a medium 
of glucose (10 g./l.), casein hydrolysate (125 mg. Nil.) and 
sodium succinate (2.5 g./1.) dispensed in 20 ml. portions into 
100 ml. Erlenmeyer flasks. 
Cultures were incubated at 480 and three replicate 
flasks harvested after 1, 4, 7 and 14 days incubation. Tha 
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mycelium was filtered from the medium, dried and weighed, 
and the pH of the culture filtrate was recorded. The fungal 
lipid was extracted and hydrolysed, and the fatty acids 
methylated and analysed by GLe. 
Results. Of the hydrogen-ion concentrations 
tested, the optimum for growth was pH 4.0 (Table 39, Fig.l5). 
At this value the pH of the medium remained only slightly 
acid throughout incubation and little mycelial autolysis 
occurred. No growth occurred at pH 2. Where the initial 
pH of the medium was adjusted to 6.0, 8.0 or 10.0, the pH 
drift early in incubation was acid, though in the later 
stages of culture it became alkaline. Considerable mycelial 
autolysis occurred under these conditions. 
The fatty acid composition of the mycelium varied 
through the incubation period of the experiment. Except 
for cultures grown at pH2 it is unlikely that the pH of the 
culture medium significantly affected the degree of 
unsaturation of the mycelial lipids (Fig. 16). 
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TABLE 39 • ';.t}~~ t~, 
The ef?ect of the hydroeen ion concentration of the med ium on growth and fatty acid composition of the lipids of M. I2usillus . ,;!:,~ 
'-}/ 
, .: . ~ 
. 
pH 2. • pH 6. 
0: ', I: 
Ini tial pH. pH 4. , pH 8. i pH 10. 
--
Incubation Zero 1 4 7 14 I 4 7 14 1 4 7 14 1 4 7 14 I (Incc-
,1 4 7 14 PerioO(days ) u1um) 
----
6. 5 1.8 2.0 2.0 3.7 4. 2 
, 
6. 5 8.1 6.0 6.1 pH Drift in 1.9 5.0 5.3 5. 5 5.7 6.7 8.2 6.0 6.3 6. 9 7.9 Med ium 
Growth (mg. 0 . 95 0.94 1.01 1.11 1.09 2.72 5. 60 6.37 5. 63 2.64 4. )S 6.04 4.06 2.52 5.08 5.39 3.79 2.25 4.26 4.62 3.27 dry wt . /ml. 
Fatty Acids , 
14\ 0 1.0 1.1 1.0 1.0 1.4 1.0 1.1 1.7 1.2 1.2 1.1 0 . 8 1.0 1.2 1.0 1.8 1.0 1.0 1.1 1.0 1.3 
16 ~0 26 . 6 23.0 29 . 4 29 . 8 29 . 8 21.4 28 . 2 23. 8 26.1 21.5 25 .0 24 .7 23. 5 22. 8 21. 6 23.0 25.8 25.7 20.3 22.2 25.9 
16 ~ 1 3. 2 3. 3 3. 8 3. 2 2. 9 3. 2 3. 4 2. 9 3.0 3. 5 3.3 2. 8 3.3 3.1 3.5 3.1 3.3 3.3 3.1 3.5 3. 6 
18~ 0 6.1 6. 6 6. 1 6.1 7.0 6.1 5.1 3. 9 5.0 6.1 3.0 6. 5 5.1 6.8 5. 8 2.9 4.1 4.4 4.7 4.8 4. 2 
18~ 1 35. 2 36 . 5 37. 3 42. 6 39. 3 43 . 6 40 . 5 43. 2 42. 8 39 .4 44 . 9 45 .0 45 .3 38.0 43.1 41 . 2 44.1 38 .2 42.7 47.3 42. 2 
18\ 2 24 . 3 28. 3 19 . 5 14 .7 17. 4 20 . 8 18. 3 20.8 19 .4 23. 8 19.0 18.0 19.0 25.0 22.0 23.3 19.0 24 .1 24. 8 11.8 17.7 
18: 3 3. 4 2. 8 2. 7 2. 8 1.9 3. 5 3.1 3.5 2. 6 4.0 3. 5 2. 2 2.2 3.3 3.0 3.4 2.8 3.3 3.2 2.4 5.0 
Degree of 0 . 97 1.02 0. 88 0. 83 0.83 0. 99 0.90 0. 98 0. 92 1.02 0. 96 0.90 0 .93 1.01 1.00 1.01 0.94 0.99 1.05 0.94 0.96 Unsaturation 
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7he ~ffect of the Carbon Nitrogen ~atio- in the 
CuI ture }'~edium. 
7.51 r.:xI?erimental Frocedure. Media containing 
glucose and ammonium sulphate were prepared in which carbon and 
nitrogen in ratios of 1:1, 34:1 and 1280:1 were prepared as follows: 
Medium (1) glucose (20 g./l.) + ammonium sulphate (76 g./l.) 
.:: 1:1 ("high nitrogen" medium). 
Medium (2) glucose (20 g./l.) + ammonium sulphate (2.36 g./l.) 
.:. 34:l(IIbalanced" medium). 
Medium (3) glucose (400 g./l.) + ammonium sulphate (1.18 g./l.) 
.:. 1280:1 ("high carbon" medium). 
The pH of the culture medium wasbuffered by the inclusion of 
sodium succinate (5 g./l.). The carbon content of sodium 
succinate was not taken into account in the calculation of 
carbon : nitrogen ratios. 
Media were dispensed in 200 ml. aliquots into 700 al. 
Erlenmeyer flasks, autoclaved and inoculated with 5 ml. of a 
standard spore suspension of M. pusillus. Cultures were incubated 
at 250 and 500 ; 3 replicate flasks were harvested after 4, 7 and 
14 days incubation. Harvested mycelium mats were filtered from 
the culture medium, dried and weighed. The mycelial lipid was 
extracted and hydrolysed and'the fatty acids methylated and 
analysed by GLe. 
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7.52 Results. The influence of the carbon:nitrogen 
(C:N) ratio of the culture medium on the growth and lipid 
synthesis of M. pusillus is shown in Table 40 and Fig. 17. 
The lipid content of the mycelium varied both with the C:N ratio 
of the medium and the age of the mycelium. . On a "high nitrogen" 
medium the mycelial lipid content fell considerably during growth 
due probably to the utilisation of "storage lipids" as an ellergy 
source ·consequent on the depletion of the exogenous energy source. 
On a "high-carbon" medium the lipid content of 
o 
mycelium grown at 50 was extremely high after four days 
incubation, but fell rapidly in the later stages of growth. On 
this medium, lipid accumulation ceased after exhaustion of the 
nitrogen source, and though growth increased after four daye 
it was prohaliiy at the expense of "storage lipid" as an eaergy 
source. 
The lipids were invariably more unsaturated when 
cultures were grown at the lower temperature. However, 
irrespective of temperature, the degree of unsaturation of the 
lipids was also affected by the C:N ratio of the medium; 
lipids were more unsaturated when the fungus was grown on a 
"high nitrogen" medium (Fig. 18). 
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1-· 
The effect of different car bon ni trogien rat ios on the growth, lipid yield and fatty acid composition of M. pus illus at 25° and 50°. I 
i ~ 
I 
Carbon: nitrogen 1 . 
t
1 34 1 1280 . . : 1 . . ratio . 
I 
50° Incubation 25° 50 0 25° 50 25° 
temperature 
, ~ 
Incubation 4 7 14 .. 4 7 14 4 7 14 4 7 14 4 7 14 4 7 14 . 
per iod 
;" i; " 
Gro'v/ th 1.93 1.14 2.16 -1 . 41 3. 94 4. 84 1.91 3. 70 6.04 4. 70 7. 76 6. 62 1.90 2. 40 4. 98 2. 58 3. 67 5. 63 (mg . dry wt . /m1.) -
Lipid yield 22 . 5 12 . 8 6. 2 IB . 2 9. 8 6. 9 24.0 17. 5 19. 3 23· 5 26. 6 21..8 7. 2 15. 8 17.4 43. 6 13. 4 B. 3 (,' of dry v/t.) 
Fatty acid . 
14 . 0 1. 0 1. 0 1 . 2 0. 9 1. 2 1.0 0. 6 1.0 1.1 1.0 1. 2 1. 8 . 1.0 1. 8 1. 8 1.1 1.8 1. 5 
16 . 0 24 . 4 22 . 7 22 . 2 21.0 24. 8 24 . 2 27. 4 23.9 28. 4 22. 7 28. 2 34. 2 25.3 26.1 25 . 6 23. 9 27. 6 31.1 
16. 1 2. 9 3. 9 3. B 3. 4 4.0 3.0 3.1 3. 9 3. 2 3.0 4.0 3. 1 3.3 . 3.5 
I. . 
3. 2 3.1 3. 5 3. 3 
18. 0 6. 6 5.4 6. 2 5. 1 5. 4 5. 5 8.5 3. 6 5. 1 4. 4 4. 3 4. 5 5.8 8.5 6.4 4. 3 6. 4 5. 2 
IB . l 42 . 5 42 . 5 41. 6 45 . 0 43. 6 44.9 38. 5 45. 3 43.0 49 .0 41 . 7 39 . 0 41.5 132. 5 39. 8 44 . 6 39. 3 43.9 
1B.2 IB . 1 IB . 5 15.1 18.0 16. 6 
. 
18. 4 13. 6 17 . 2 17 . 9 16. 2 14. 5 15.0 16. 1 16. 0 16. 4 <1.0 19. 3 19.4 
18 . 3 5. 5 6. 7 6. 6 5. 8 5. 8 4. 1 3. 6 5. 9 4. 7 3. 7 4. 3 1.8 6. 4 6.5 3. 7 3. 9 2. 8 1. 5 
IJegree of 0 . 96 1.03 1.01 1.02 0. 95 0.92 0.88 1.00 0. 91 0. 93 0. 91 0.79 0. 97 0. 97 0. 91 0. 99 0 .. 88 0.79 Unsa tura tion 
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Fig. 18. Effect of different C:N ratios on the degree of unsaturation of the 
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7.6 The Effect of Different Concentrations of Carbon 
and Nitrogen at a Constant C:N Ratio. 
In the previous experiment M. pusillus was grown 
on "high nitrogen", "balanced" and "high carbon" media. 
On the "high carbon" medium, cultures were subjected to 
conditions of nitrogen limitation, and on the "high nitrogen" 
medium to carbon limitation. It was noted that the 
greatest amounts of growth and lipid synthesis occurred on 
a "balanced" medium C:N ratio 34:1. 
The effect of different concentrations of carbon 
and nitrogen at a fixed C:N ratio on the growth, lipid 
synthesis and fatty acid composition of M. pusillus was 
therefore investigated at a C:N ratio of }4:l. 
7.61 Experimental Procedure. The following 
amounts of glucose and ammonium sulphate were added to the 
basic medium plus sodium succinate (5g./l.). 
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Medium 1 glucose (2g./1.), ammonium sulphate (O.118g./1.) 
" 2 " (5g./1.), " " (O.295g./1.) 
" 3 " (20g./1.), n II (1.18 g./l.) 
" 
4 It (lOOg./l.), It " (5.90 g./l.) 
II 5 " (200g./1.) , " " (11.8 g./l.) 
In all media the ratio of carbon to nitrogen was 34:1. 
Culture medium Was dispensed in 30 m1. amounts into 150 m1. 
Erlenmeyer flasks and sterilised by autoclaving at 151bs./in. 2 
for 15 mins. Each flask was inoculated with 1 m1. of a 
standard spore suspension of M. pusi11us and incubated 
Replicate cultures (at least six) were harvested 
after 2, 5, 8 and 12 days incubation and the partial 
pressure of oxygen (p02) determined as described in 
Section 1.72. 
Tbe mycelial mats were removed from the flasks 
and dried prior to extraction of lipid. After extraction 
and hydrolysis of the lipid the fatty acids were methylated 
and analysed by GLe. 
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7.62. Results. Data for the growth, lipid yield and 
fatty acid composition of H. pusillus grown on media of 
different nutrient concentration are presented in Table 41. 
As the nutrient concentration increases it is clear 
that growth is increased (Fig.19). This is not exactly 
paralleled by the mycelial lipid content, although there are 
indications that higher concentrations are more productive of 
lipid than lower (Fig. 19). On medium 1 the fungus did not 
form a mycelial mat but grew as discrete tangles of submerged 
hyphae. On medium 2 a mycelial mat was formed wHch did not 
cover the whole surface of the medium, while on media 3, 4 and 
5, the fungus grew as a thick mat covering the entire surface. 
The nutrient status also had a marked effect on the 
fatty acid composition of the mycelial lipids. Generally, the 
degree of unsaturation of the lipids was increased at higher 
nutrient concentrations. However, when the fungus was grown on 
the dilute media (media 1 and 2) the lipids were more unsaturated 
than those of mycelium harvested from medium 3 (Fig. 20). 
Determination of the oxygen concentration of culture 
media after 12 days incubation at 48° (Table 42) showed that while 
in media 1 and 2 the oxygen concentration had fallen from 
146 r/l. to 110 fiL. and 69 fVl. respectively, media ,. 4 aDd 
5 had an oxygen concentration of 28 ~l. 
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'L.::::1u 41 The effect of di f ferent concen t r a tions of carbon and nitrogen at a constant C N r at io, on the growth , lip ·d yield and fatty acid composition of • pus illus . 
- . . 
-::-
Hed i um 1 2 3 4 5 
I ncuba t ion pe riod 2 5 8 12 2 5 '8 12 2 (days) 5 8 12 2 5 8 12 2 5 8 12 
I. 
I. 1 
Growth 0 . 20 0 . 30 0 . 20 0 . 17 0 .73 0 . 90 0 . 83 0 . 93 4 . 30 5 . 70 5 . 83 5 . 30 7 . 23 118. 03 21 . 20 26 . 10 9. 06 22 . 80 26 . 10 33 . 23 (mg . dry wt . /m1. ) . 
Lipid yield Insufficient lipi d obtai ned I 
C' of dr y wt . ) for accurate calcula tion of 14 . 7 18 . 1 16 . 1 12 . 1 15 . 9 22 . 2 18 . 0 6 . 8 34 . 2 I 31.6 24 . 7 39 . 3 38 . 7 34 . 1 12 . 6 [39 . 6 
mycelial lipi d content . 
Fatty acid . 
14 . 0 1. 5 2 . 5 1. 0 1.2 1.7 1.2 1.3 1.4 1.4 1.1 1 . 4 1 . 4 1.4 1.1 1.1 1.1 1 . 3 1. 5 1 . 1 1.4 
16. 0 29 . 5 32 . 6 25 . 1 27 . 5 31. 8 33 . 2 30 . 9 28 . 9 31.0 29 . 8 32 . 2 29 . 0 27 . 1 30 . 8 29 . 2 25 . 0 28 . 8 29 . 2 24 . 5 23 . 7 
16. 1 4. 7 3 . 5 2. 1 3 . 2 2 . 6 3 . 6 3 . 2 1.4 1.7 2 . 8 2 . 1 2 . 2 2 . 3 2 . 6 2 . 1 2 . 0 1. 6 2 . 3 3 . 1 2 . 8 
18. 0 6. 8 5 . 6 6 . 1 11.3 5. 1 4. 6 5. 2 5. 7 8 . 1 12 . 4 11 . 4 6 . 1 5. 4 4 . 2 4 . 6 4 . 1 3 . 9 4 . 8 
. 4 . 7 5 . 1 
18. 1 37 . 3 38 . 6 47 . 0 35 . 0 40 . 8 40 . 5 40 . 5 40 . 6 37 . 1 40 . 0 40 . 9 46 . 0 37 . 3 36 . 0 41 . 4 45 . 6 37. 0 42 . 0 44 . 0 42 . 7. 
18. 2 16 . 1 14. 4 16 . 3 16 . 2 15. 0 14. 3 16 . 1 16 . 2 18. 3 12. 1 10 . 7 12 . 7 20 . 5 19 . 7 18. 3 18 . 3 19 . 2 16 . 6 18 . 0 18 . 9 
18 . 3 4. 0 2 . 8 3 . 6 5 . 5 2. 6 2 . 6 2 . 9 4. 0 2. 3 1 . 9 1.4 2 . 8 6.1 4 . 4 3 . 7 3 . 4 8. 1 4 . 6 4 . 6 5 . 7 
Degr ee of 0 . 86 0 . 79 0 . 92 0 . 87 0 . 81 0 . 80 0 . 84 0 . 86 0 . 84 0 . 73 0 . 69 0 . 82 0 . 99 0 . 91 0 . 91 0 . 94 1.02 0 . 91 0 . 97 1 . 02 Unsaturati on 
. 
Table 42. Determination of the partial pressure of oxygen (p02) of cultures 
of M. pusi11us grown at 480 for 12 days on media of different 
concentrations of carbon and nitrogen. 
(Data expressed as p02 in mm.Hg.). 
Uninocu1ated Medium 
medium at 480 • 1 2 3 4 5 
148 101 63 24 21 36 
p02 determination 136 86 58 30 29 26 
of replicate 
cultures. 138 109 61 25 33 24 (mm.Hg.). 
141 91 51 26 20 20 
140 98 73 26 26 25 
Mean p02 140 97 61 26 26 26 
(mm.Hg. ) 
Oxygen concentration 146 110 69 28 28 28 
expressed in r/1. water. 
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These results indicate that when the mycelial mat 
completely covers the surface of the medium, the rate of oxygen 
diffusion between atmosphere and medium is slower than the 
rate at which oxygen is utilised from the medium. On medium 1 
the fungus did not form a complete mycelial mat and it is con-
cluded that this medium did not become oxygen-deficient. On the 
other hand, in media 3, 4 and 5 there is a marked degree o~ oxygen 
depletion, while medium 2 stands in an almost intermediate position. 
In oxygen-limited cultures, therefore, the degree of 
unsaturation of the lipids is influenced by the concentration 
of carbon and nitrogen in the medium; on a medium of lower 
nutrient status (e.g. medium 3) the lipids are more saturated than 
that from media of higher nutrient concentration (media 4 and 5). 
However, when cultures were grown on media .t low 
nutrient status (media 1 and 2), the type of growth of the 
fungus allowed some diffusion from the atmosphere so that oxygen 
was less limiting in the culture medium. Under these conditions 
the lipids had a high degree of unsaturation despite having been 
grown on nutrient-poor media. 
It seems possible therefore that the degree of lipid 
unsaturation can be affected by concentration of nutrients and 
by the oxygen concentration of the medium. The effect of oXJsen 
concentration is investigated further in Section8~lO,7.ll and 7.12. 
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The Effect of the Surface Area Volume Ratio 
(SA:V ratio) of the Medium. 
7.71 Experimental Procedure. The basic medium 
plus glucose (20 g./l.) ammonium sulphate (250 mg.N/l.) and 
sodium succinate (5 g./1.) was dispensed into 7P~ ml. Erlenmeyer 
flasks in the following quantities: 
(i) 40 ml. medium; surface-area 
(ii) 90 ml. 
(iii) 195 ml. 
(iv) 395 ml. 
" 
" 
" 
" " 
" " 
" " 
volume ratio 2.0. 
" " 
1.0. 
" " 
0.45. 
" " 
0.16. 
Culture flasks were autoclaved and inoculated with 
5 ml. of a standard spore suspension of M. pusillus, Cultures 
were incubated in still culture at 480 and triplicate flasks 
harvested after 3, 7 and 10 days growth. For comparative 
purposes flasks containing 200 al. medium (SA:V = 0.45) were 
grown in shake culture at 480 and harvested in triplicate after 
3, 7 and 10 days incubation. After the mycelium had been 
harvested dried and weighe', the lipid was extracted and 
hydrolysed and the fatty acids methylated and analysed by GLe. 
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7.72 Results. Growth of M. pusillus in still 
cuI ture wasmore rapid on media with hiL;h surface-area to 
volume ratios (Table 43. Fig. 21). At a surface-area to 
volume ratio of 0.45, growth was more rapid in shake 
culture than in still culture. 
The surface area to volume ratio appeared to have 
little effect on lipid accumulation, except in the highly 
aerated cultures (SA: V=2.00) and in shake culture, where 
there was a pronounced drop in the lipid content as the fungus 
aged (Fig. 22). 
Apart from a higher percentage of oleic acid and 
lower percentage of linoleic and linolenic acid in shaken 
cultures there appeared little correlation between the 
surface area to volume ratio of the medium and the degree 
of unsaturation of the lipids (Fig. 22). However, lipids 
obtained from mycelia grown in shake culture were more 
unsaturated than those from mycelia grown in still culture 
of the same SA : V. ratio which indicates that aeration may 
affect the degree of lipid unsaturation. 
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TABL8 43 The effect of aeration on growth, Li pid content and fatty aOid composition of the lipids of M. pusillus . 
~Z 
-
Culture Stationary Stationary I ~~f 
Cond i ti ons . ~H Stationary Shake Stationary 
-
;. 
Surface Area to 2.00 1.00 I: 0. 45 0. 45 
0.16 
Volume Ratio . I" 
. ~ .', . 
-
I ncubation 3 7 10 3 7 10 ~ 3 7 10 3 7 10 3 7 10 
Period (days). 
1-
~III. -
Growth 4. 54 5.80 5.30 2.32 5.00 5. 28 0.98 2.16 3.65 5.18 5.50 
4,88 0.01 0. 66 1.19 
(rng. dry wt ./mI.) 
Lipid yield 22. 8 17.9 9.5 18. 8 19 . 2 15. 8 23.7 11.7 14.5 29 .3 
19.7 14.8 17.4 12.1 13.2 
(% of dry wt .). 
Fatty Acids 
14 .0 2.0 1.7 1.1 1.5 1.4 1.7 1.8 1.3 
1.3 1.0 0. 9 1.3 1.9 1.3 1.0 
16.0 28.4 27.1 30 .4 31.8 28 .9 26 . 8 25.0 28.1 
28.6 21 .4 23.2 20.0 26 .7 28.2 29 .0 
16.1 3.4 5.0 3. 3 2. 7 2. 2 3.0 2. 6 1.9 
3.0 2.8 3.0 2.9 4.0 1.5 3.0 
18.0 3.4 3. 9 1. 8 3. 3 5. 6 3. 2 5·9 4.5 
3.0 2. 3 3 .2 2.5 6. 9 4.1 2. 2 
18.1 37.4 46 . 2 44 .3 42.2 41.0 46 .0 41 .0 42. 5 
44 .3 56 . 6 52.4 56.0 41.0 43. 2 41.0 
18. 2 21 , 8 13.3 16, 6 16.3 18, 2 17. 8 20.2 
18,3 17.6 14 .3 15.4 15,7 17.3 18,4 ~,1 
18,) 3. 7 2. 6 2, 4 2.2 2. 7 1.7 3.5 3.1 
1.9 1.6 2.0 1,9 3,1 3.0 3.5 
· j'l 
l>egree of 0. 85 0. 88 0. 84 0. 87 0.94 0.90 
0.88 0.93 0.92 0.96 0.89 0.90 0.94 
\.tl'lsaturation 0.96 0.90 .,' I 
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7.8 The Effect of Temperature. 
7.81 Experimental Procedure. The basic medium plus 
glucose t20 g./l.), ammonium sulphate t250 mg. N/l.) and sodi .. succinate 
(5 g./l.) was dispensed in 25 ml. portions into 100 ml. Erlenmeyer flasks, 
autoc1aved and inoculated with 1 mi. standard spore suspension at 
M. pusil1us. o· 0 0 0 Cultures were incubated at 25 ,37 ,47 and 53 and six 
replicate flasks were barvested from each temperature at regular intervals. 
After the ~celium was dried and weighed the lipid was processed in the 
usual w~ and the fatty acid methyl esters analysed by GLe. 
7.82 Results. The data for the growth and lipid content at 
000 0 M. pusillus grown at 25 ,37 41 and 53 are presented in Table 44 and 
F1g. 23. The fungus grew well at all temperatures except 530 at which 
the cultures grew ~pically, producing submerged nOD-sporing ~celiua. 
At the other incubation temperatures cultures grew as aerial, heavily 
spering ~celia1 mats. 
At 25°, 37° and 47°, ~celial growth and lipid aocuaulatiDD 
fOllowed a similar course, both steadily inoreasing throughout the ezperi-
.ant. Temperature appeared to enhance lipid aocumulation, the oonoentra-
tion of ~celial lipid being higher at 47° than at 250 and 37°. 
The incubation temperature had a marked effeot on the fatty aoid 
oomposition of the lipids (Fig.24). At higher temperatures the lipide 
contained a greater proportion at oleio aoid and .maller proportiOns at 
linoleio aoid and linolenic acid. As a oonsequenoe the lipide bee ... 
progressively more saturated as the inoubation temperature was rat .... 
TABLE 44 
Incubation 
Temperature 
Incubation 
PeriOd 
(days) 
Growth 
(rng.dry 
t ./IlI1 . ) 
2 
L(!Pid yield 10.7 
/0 of dry 
lrt. ) 
Patty ACid 
14.0 
16.0 
16. 1 
18.0 
18. 1 
18. 2 
18.) 
1 . 2 
25 .1 
3.0 
6. 2 
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The effect of incubation temperature on the growth, 
3 
0. 64 
13. 2 
0. 8 
25 . B 
2.9 
7·5 
41.9 
15 ·0 
4 
1.90 
12. 1 
1.0 
26. 6 
2.7 
5. 6 
42.0 
16. 6 
6 
2.47 
1B. 6 
1.9 
24 .4 
3.0 
7. 2 
43.1 
16.3 
4.0 
0 . 91 
9 
3.99 
1.4 
26.7 
2·9 
5. 4 
39 .0 
17.0 
14 
26. 2 
20 . 2 
6. 3 
1 
0.89 
1.0 
28. 9 
2. 8 
10 . 1 
2 
15·5 
1.0 
1.02 0. 83 0.94 
4. 80 
22. 2 
1.3 
" 
18.1 
~95 
composition of • pusi11us in a glucose, 
1.5 
27.1 
2.9 
9. 2 
37. 5 
18.7 
3.5 
0.88 
9 
1.9 
22 . 5 
2.8 
8.3 
40 . 6 
20 .1 
14 
1.2 
24.1 
3.0 
4. 8 
44 .0 
18.5 
4. 4 
1 
1.21 
16. 3 
2.2 
25 .4 
2. 8 
5. 2 
45 .0 
16.2 
3.0 
0. 89 
2 
2.1 
24 .7 
2.8 
4. 6 
44 .9 
11.5 
3.3 
3 
18.1 
1.2 
23.2 
2.4 
4. 6 
46. 2 
18.9 
3.7 
0.92 0.97 
4 
3. 88 
22. 2 
1.9 
27.0 
3.0 
3. B 
40 .0 
19.9 
0.95 
6 
4. 64 
23.1 
1.3 
28.8 
2.5 
5.0 
41.0 
1j. 
3.0 
fered with sodium succinate. 
9 
1.5 
26.3 
3.0 
4.3 
42.1 
19.2 
3. 6 
0.93 
2 3 
0.45 0.B5 
1.1 
0·90 
2.3 
24.0 
11.9 
2.0 
0.B4 
4 6 9 
1.03 0.76 0.94 
1.2 
25·2 
2.5 
3.8 
51.8 
13.0 
12.5 10.7 
1.3 2.0 
6.0 
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7.9 The Effeot of Change in Inoubation Temperature. 
o 0 The effeot of transferring oultures from 50 to 25 , and vice 
versa. on growth, lipid synthesis and fatty acid composition was investi-
gated at several stages in the growth cycle of M. pusillus. 
7.91 Experimental Procedure. The basic medium plus gluCCIEII (20g/1.) 
ammonium sulphate (2SO mg. NIl. ) and sodium succinate (5g./l.) was dispensed 
in 20 Ill. portions into 100 ml. Erlenllayer flasks. The flasks were aut~ 
claved at 15 Ib./in.2 tor 15 mins.,inoculated with 1 lIl.standard spore sua-
o 0 pension of M. pusillus and incubated at either 25 or 50. Harvests were 
oarried out after 3,6,9,12 and 15 days incubation, 6 replioate flasks being 
used on each occasion. Because the culture medium had dried out it was 
not possible to analyse cultures which had been grown at 500 for 15 dq •• 
At eaoh harvest, oultures were transferred in batches trom the 
SOO to the 250 :bcubator, and vice versa, the following alterations 111 
incubation temperature were madel 
(i) cultures incubated 12 days at 500 
(ii) " " 3 " " tt then transferred to 250 • , 
(iii) If If 6 If If " " .. It .. 
(iv) If " 9 .. " " " .. " If 
(v) " tt 15 " .. 250 
eyi) If If 3 If " .. then transferred 0 to 50 • 
(rli) If .. 6 If .. If If • .. .. 
(viii) If If 9 " " " " " " If 
(1%) If It 12 
" 
If .. 
" 
.. 
" " 
Atter the ou! tures were harvested, the IVcelia1 mats •• r. 1'8IlOve4, d1'i" 
and .eighed, and the lipid extracted. The lipid ... lVdrol7.ec1 aDd tlla 
re.ulting fatty aoid. "~lated and analJsed q, aLe. 
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Results. ~ata for the growth, lipid synthesis 
and fatty acid composition of cultures of M. pusillus trans-
o 0 ferred from 50 to 25 are presented in Table 45, and for 
transfer from 250 to 500 in Table 46. 
Cultures transferred from 25° to 50° invariably grew 
better than those remaining at 25°, and the lower lipid content 
of these cultures indicates that utilisation of endogenous 
lipids was greater at the higher temperature. 
The behaviour of cultures transferred from 500 to 250 
appeared more complex. Young (3-day and 6-day) cultures did 
not grow as well following transfer to a lower temperature, but 
° cultures grown for 9 days at 50 grew better when switched from 
Cultures transferred from 50° to 250 had 
a higher mycelial lipid content than cultures grown at 500 , and 
this is taken to indicate a reduction in metabolic rate following 
transfer to the lower incubation temperature (Fig. 26). 
Altering the incubation temperature had a marked 
effect on the fatty acid composition of the mycelial lipids (Fig.27). 
The effect of temperature on the lipids was identieal with that 
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TABLE 45 • The effect of change i n incubation temperature on the srowth , lipid content and fatty acid composition 
of M. pusillus . 
o ° (a) Incubation temperature changed from 50 to 25 • 
I 6 15 12 15 Time of ,)arvest 3 9 12 6 9 12 9 12 (davs 
50° 3 d~s at 50°, then ° 0 Incubation 6 days at 50 ,theg 9 days at 50 , thgn 
Temperature ° transferred to 25 . transferred to 25 • transferred to 25 • 
~ -,-, 
I,"",' 
Grovrth 4.01 7. 15 8.75 9. 96 4. 48 5· 70 5.31 7.70 10 .00 10·50 11.60 14. 65 (mg . dry wt ./ml) . 
Lipid yield (% of dry wt . ) 25 .1 28. 6 19. 2 12. 9 21 . 6 25 .0 18.7 2§ •. .3 27 .0 17. 2 26.3 18.7 
Fatty Acid .. r ... 
14.0 1.2 1. 4 1. 8 1.1 1.4 1.0 1.1 1.5 LO 1.01 2~0 1.0 
16 .0 29 .1 26. 5 30 .1 26 . 3 23. 3 27.3 24 .3 J).2 26. 4 23. 8 22. 2 24.3 
16. 1 2.7 3.1 3.1 3. 8 3.2 3.1 2.9 2.8 3. 8 3. 6 3.3 2. 5 
j 
18.0 6.3 2.7 7. 5 6.4 5. 2 5.2 5. 8 5.0 4. 8 3. 8 3. 9 4.3 
18. 1 40 .1 39 . 4 45. 6 45 .1 42.1 37. 5 38.6 39.4 36. 3 38.7 47.0 40 .1 
18. 2 17.7 22. 8 11. 7 14. 2 19. 3 20 . 4 17.7 19.3 21.4 19.8 18. 4 21.5 
18. 3 3.0 4.1 4. 2 3.1 5. 4 5. 6 9.5 
I i1~~fP 6. 3 7. 5 3. 2 6. 3 Ii, . 
Degree of ~[ 
unsaturation 0. 87 0. 97 0. 84 0,86 1.00 0. 98 1.02 lO.89 1.01 1.05 1.05 1.04 
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TABLE 46 (continued) . 
(b) Incubation temperature changed from 25° to 50°. 
Time of Harves t 3 6 9 12 15 6 9 12 9 12 15 12 15 15 (days) 
Incubation ° 
0 0 ° 
25° 3 days 25 , th n ° 
6 days 25 then 9 days 25 then 12 days 25 , 
Temperature ° transferred to 50° 
0 
transferred to 50 • transferred to 50 • . then 50 • 
Growth 1. 64 4.52 5.29 6.00 6.24 5. 45 6.98 9. 35 6. 38 B.35 7. B7 7. 50 9. 65 6. 82 
(mg . dry wt . /ml.) 
Lipid yield 20 . 8 32. 2 :f). 7 25.9 IB.8 IB . 2 17.6 21. 7 18.4 18.3 14.3 17.9 13.5 17.2 • (% of dry wt .) 
Fatty Acids 
14.0 1.2 1,3 1,0 1.4 1.0 1.5 0.9 1.8 1.3 1.5 1.2 1.5 1.4 1.5 
I 
16.0 28. 4 21,0 25.4 21.5 23.2 25. 5 27.9 25.5 21.0 23. 7 23.9 21.9 26.3 23.8 
1 
16.1 3.0 2.9 3.0 3.0 2.9 3.5 3.0 2. 6 3.0 2.9 3.0 3.3 3.1 3.1 
18.0 
I 3. 6 5.B 14.3 11.9 5.8 7.0 4.1 4.2 2.5 4. 6 3. 4 4. 2 3.5 4.5 
IB .1 42. 8 39 .5 34.7 3B.1 36.4 40 .5 40.8 41.0 43. 9 41.9 35. 2 39. 5 36.3 42.7 
, 
18.2 13.8 17.2 21.5 20.5 22. 2 21 .2 21.4 22.3 19. 6 22.3 25.4 24 .0 23.1 19 . 5 
I B.3 6.1 6.5 8.5 8.4 10.6 3.5 3.~ 3.0 5.4 4.1 6.9 5·4 6.1 4.8 
Degree of 0.91 0.96 1.06 1.07 1.15 0. 97 0.96 0.97 1.02 1.02 1.09 1.07 1.04 0.99 
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.described in the previous experiment and also in Chapter 6; 
when the incubation temperature was raised the mycelial lipids 
became more saturated, while transfer to a lower temperature 
resulted in higher degrees of lipid unsaturation. 
The effect of a change in temperature on lipid 
unsaturation was eSlecially marked in older (9, 12 and 15 day) 
cultures. In older cultures, increases in dry weight were 
associated with a fall in the lipid content of the mycelium, 
which could imply the utilisation of endogenous lipid reserves 
as energy source. After the switching of cultures to a 
different incubation temperature "new"mycelium containing 
"new" structural storage lipids was synthesised at the expense 
of "old"lipids (lipids synthesised at the original temperature). 
Since in older (9, 12 and 15 day) cultures the lipid content 
was being steadily reduced, "new" lipids would form an increuing-
ly greater proportion of the total ("new" plus "old") lipids, 
which may account for the marked changes in degree of 
unsaturation of older cultures in response to a change in 
incubation temperature. 
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7.10 The Effect of Temperature on the Oxygen Content of 
Cultures Incubated at 250 and 590 • 
Although it seems clear that organisms, in general, 
produce a more unsaturated lipid when grown at a lower temperature 
the reasons for this effect are not fully understood. The 
biosynthesis of fatty acids from acetyl coenzyme A may be 
summarised as follows:-
Litid 
Acetyl CoA ------~,.~ c.16:0 ~ 
Lipid 
c.18:0 
.J 
c.18:l -+ Lipid 
~ 
C .18 : 2 ---. Lipid 
c.i~:,...-+ Lipid 
Kates and Baxter (1962) have stated that in lipid metabolism 
both the synthesis and the respiratory degradation of lipid 
would be expected to be temperature-dependent, and therefore to 
proceed more slowly at a lower temperature. They accounted 
for the greater proportion of linoleic acid in a micro-organism 
grown at a lower temperature by sugDesting that the reactions 
by which lipid is synthesised are less retarded at the low 
temperature than the reactions by which lipid is oxidised. 
The rate at which linoleic acid ·is oxidised is therefore slower 
than the rate at which it is synthesised with the result that 
this polyunsaturated fatty acid would accumulate in the lipid. 
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Enzymes exist both for the synthesis of fatty acids 
(synthetases), and also for the conversion of saturated into 
unsaturated fatty acids (desaturases). The co-factor 
requirements for synthetases and desaturases differ in that 
the former require carbon dioxide and the latter require oxygen; 
however, both reactions require acetyl CoA,an acyl carrier protein 
(ACP) and reduced nicotine adenine dinucleotide (NADH2) or reduced 
nicotine adenine trinucleotide (NADPH2 ) (Harris and Jamea,1968. 
in press). 
It appears, therefore, that both the quantity of lipid 
which an organism synthesises, as well as the degree of un-
saturation of the lipid are controlled by the relative concen-
trations in the environment of oxygen and c~bon dioxide. 
aerobic conditions the desaturation reactions will proceed 
normally. However, if the oxygen concentration falls to a 
Under 
level which becomes rate-limiting for the de saturation process, 
concentration would tend to favour the activity of lipid 
synthetase enzymes while depressing the enzyme-catalysed desaturatioD 
reactions. 
It seemed pcssible therefore, that one reason why 
fungal lipids become more saturated at higher incubation 
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temperatures is that at elevated temperatures the oxygen con-
centration is rate-limiting for the fatty acid de saturation 
reaction, with the result that the synthesised lipids contain 
a low proportion of polyunsaturated acids. 
An experiment was performed using an oxygen electrode to 
measure the partial pressure of oxygen (p02) in the medium during 
the growth cycle of M. pusil1us at 250 and 500 ; the growth, lipid 
synthesis and fatty acid composition of the fungus were also 
investigated at these temperatures. 
7.10.1 Experimental Procedure. To the basic medium was 
added glucose (20 g./1.), ammonium sulphate (250 mg. NIl.) and 
sodium succinate (5 g./l.). Medium was dispensed in 30 ml. 
portions into 150 ml. Erlenmeyer flasks and sterilised by 
autoc1aving at 15 1b./in.2 for 15 mins. Flasks were each 
inoculated with 1 ml. of a standard spore suspension of M. pusillus 
o 0 
and incubated at 25 or 50 • After 2, 5, 8 and 12 days 
incubation six replicate flasks were harvested at each 
temperature; it was not possible to haryest a 2-da,. culture at 
~5° as growth had not yet begun. 
Determination of p02 of cultures was carried out 
immediately after harvest, as described in Section 1.72. The Il1'celial 
mats were removed and dried, prior to extraction of the lipid. 
The lipid was hydrolysed and the fatty acids methylated and 
analysed by GLe. 
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1.10.2 Results. Data for the concentration of oxygen 
dissolved in the culture medium during growth of M. pus111us 
at 250 or 50 0 are presented in Table 47, and data for the 
growth, lipid synthesis and fatty aoid composition in Table 48. 
Growth and lipid synthesis prooeeded essentially as 
described in Seotions 7.5, 7.8 and 1.9. The fungus initially 
o grew and accumulated ~celia1 lipid more rapidly at 50 than at 
250 , though in the later stages of oul ture both growth and I113'celial 
lipid content were greater at the lower temperature. The effect 
of incubation temperature on the fat~ acid composition and degree 
of unsaturation of the lipid also followed the trend as described 
earlier; the lipid was invariably more unsaturated when the 
fungus was grown at the lower temperature (Fig. 28). 
Determination of p02 of the medium and oaloulation of the 
~gen concentration showed that at 500 cultures grew under 
oonditions of low oxygen concentratioa, the oonoentration of OZ1gen 
dissolved in the mediUlll falling from l4tj J"A 0-/1 .. in .. inoculated 
medium incubated at 50~ to around 25 ~ O.jl. The oqg8ll 
ooncentration of cultures inoubated at 250 fell by a si.tlar amount, 
though because of the inoreased solubility of OX1gen at 250 the 
ooncentration was reduoed frOll 238 ,. Oil. in uninooulated medi., 
to around 100-120 f" 0';1. in grOWing cultures (J'1g. 28). 
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'I'he effect of incub, tion temperature on the oxygen concentration of the culture medium during 
growth of M. pusillus in still cult re o 
I 
~ 
Incubation temperature . 250 500 
Incubation period (d ays ) Uninoculated 5 8 12 Uninoculated 2 5 8 12 medium at medium at 
25° . 5°° 
I 
P °2 of replicate 148 60 79 78 148 35 30 23 18 
cuI tures (mm . Hg . ) . 149 56 62 80 143 32 26 21 25 
147 60 65 75 138 36 26 15 23 
148 52 86 73 140 34 · 25 19 19 
145 65 48 78 140 30 24 21 17 
144 73 78 77 136 20 25 21 19 
Mean p 02(mm . II"" . ) . 147 61 69 77 141 31 26 22 20 
Oxy€.en concentrati on 238 98 112 124 148 34 28 24 22 ( r l~ 02/1. wate r) . 
I 
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'l'able 48 . 'I he effect of incubation tewper~ture on the growth , lipid synthesis and fatty acid 
composition of M. pus i llus . 
I' 
, 
Incubation Tempervture . I I ~ 250 500 
I 
Incub ett ion fcr iod ( days ) . 5 8 12 2 5 8 12 
Growth ( mg . dry wt . /m1.) . 4 . 02 5 . 76 9. 10 4 . 30 5 . 70 5 . 83 5 . 30 
I' 
Lipi d Yield (r;: of dry wt . ) . 15 . 8 18 . 2 19. 5 15 . 9 22 . 2 18. 0 6 . 8 
Fatty acid I'· I' 
14 . 0 1.2 1.0 1 . 2 1.4 1.1 1.4 1.4 
16 . 0 28 . 4 22 . 4 27 . 5 31.0 29 . 8 32 . 2 29 . 0 
16 . 1 2 . 3 3 . 5 3 . 1 1.7 2 . 8 2 . 1 2 . 2 
1 8. 0 11.6 11.1 7 . 9 8 . 1 12 . 4 11.4 6 . 1 
18 . 1 37 . 4 38 . 4 34. 8 37 . 1 40 . 0 40 . 9 46 . 0 
18 . 2 14 . 9 18 . 8 19. 8 18 . 3 12 . 1 10 . 7 12 . 7 
18. 3 4 . 2 5 . 2 5. 5 2 . 3 1.9 1.4 2 . 8 
Degr ee of Unsaturati on . 0 . 82 0 . 95 0 . 94 0 . 84 0 . 73 0 . 69 0 . 82 
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It is olear, therefore, that the temperature of 
inoubation has a profound effeot on the amount of dissolved 
oxygen available to the fungus. o In cultures grown at 50 , 
ao/~ of the available oxygen is used up within the first 48 
hours inoubation and even though gaseous diffusion inoreases as 
the temperature is raised, it is not suffioient to balanoe the 
rate at which o~gen is depleted from the medium. o At 25 there 
ie a fall in the amount of oxygen dissolved in the medium during 
the early growth of the fungus, when ~gen uptake obviousl1 
exoeeds oxygen diffusion. However, sinoe the conoentration of 
oxygen in the medium gradually inoreases throughout the later 
stages of growth it is probable that after the early, rapid 
phase of growth, oxygen ditfuses into the oulture medium more 
rapidlY than it is utilised. 
Though at both inoubation temperatures the amount ot 
oxygen dissolved in the medium talIs, oul tures grown at 250 &1'e 
probably not defioient in oxygen. However, at SOO the tungus 
almost oert41nly grows under ~geD-deticient conditioas, p08sibl1 
at a oonoentration which is rate-limiting for the tattJ aoid 
desaturation prooess. o The lower o~gen oonoentration at 50 ~ 
be responsible for the lower proportion of pol7UD8aturated tat~ 
acids in the ~celial lipid, oompared with the proportion ot th ••• 
aoids in lipid synthesised at 25°. 
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7.11 The Effect of Increasing the Oxygen Concentration 
in the-External Environment. 
In the previous experiment it was shown that the 
amount of oxygen dissolved in the medium was much smaller in 
cultures growing at 50° than in cultures growing at 25°. It 
was considered that at 500 the oxygen concentration might be 
rate-limiting for fatty acid desaturation, which could account 
for the lower degree of unsaturation in cultures grown at the 
higher temperature • 
The effect of increasing the oxygen concentration on 
the degree of unsaturation of the lipids of two thermophilic 
fungi, M. pusillus and Rhizopus sp. III was investigated by 
growing cultures in air-tight container. with different mixtures 
of oxygen and nitrogen. 
7.11.1 Experimental Procedure. The medium used in this 
experiment was the basic medium plus glucose (20 g./l.), 
ammonium sulphate (250 mg. N/ml.) and sodium succinate (5 g./l.). 
Medium dispensed in 15 ml. portions into 50 ml. Erlenmeyer flask. 
plugged with non-absorbent cotton wool was sterilised by auto-
claving at 15 lb./in.2 for 15 minutes. Each flask was 
inoculated with 1 rol. standard spore suspension of M. pusillua 
or Rhizopus sp.III. Inoculated flasks were placed in polythene 
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lunch boxes (Ekcoware, 25cm. diameter, 12 cm. deep) modified 
to allow entry and exit of gas (Fig.29). Each lunch box held a 
maximum of thirteen 50 ml. Erlenmeyer flasks. Boxes containing 
cultures of M. pusi1lus were incubated at 25° and 500 ; cultures 
of Rhizopus sp.III were incubated at 500 only. 
gas in. 
----~. gas out. 
Fig. 29. 
Artifical gas mixtures were made from cylinders of oxygen and 
nitrogen (British OXY8en Company) as follows: 
Each cylinder was connected by rubber tubing to a Dreschel 
bottle (Fig. 30) and the gas flow, which could be regulated using 
a Hoffman clip (Gallenkamp List No. CP-240) positioned between 
gas cylinder and Dreschel bottle, was measured by opening or 
closing the Hoffman clip until the required number of gas bubbles 
were passing through the Dreschel bottle. Precautions were 
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taken to ensure that all the Dreschel bottles were of the same 
design and that the incoming tube in each bottle was submerged 
beneath the same level of water. After passage through the 
Dreschel bottles, nitroeen and oxygen ga. flows were merged using 
a T-piece, and the synthetic gas mixture led into the appropriate 
lunch boxes. 
By combining oxygen and nitrogen in different ratios the 
following gas mixtures were made: 
Gas flow through Dreschel % composition of Gas 
bottle (Number of bubbles/min.). Mixture. 
Oxygen Nitrogen Oxygen Nitrogen 
60 15 80 ~ 
30 45 ~ 60 
15 60 20 80 
Cultures were harvested in triplicate after suitable periods 
of incubation, the mycelial mats were removed and dried prior 
to extraction of lipid. The lipid was hydrolysed, and the 
fatty acid methylated and analysed by GLC. 
Fig. 30. 
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I 
incubator. 
Production of a synthetic gas mixture and introduction 
into the gas phase surrounding the culture vessel •• 
( .. denotes direction of gas flow). 
- 194 -
7.11.2 Results. Data for the growth, lipid synthesis and 
fatty acid composition of M. pusillus are presented in Table 49, 
and for Rhizopus sp.III in Table SO. 
In Rhizopus sp.lll growth was slightly increased in 
atmospheres enriched with oxygen (Fig.32), while in M. pusillus 
increasing the oxygen concentration of the environment had no 
effect on growth. 
In M. pusillus the lipids were invariably more unsaturated 
when grown at 250 than at 500 , irrespective of the oxygen concentra-
tion in the external environment (Fig.3l). The effect of increas-
ing the external oxygen concentration on the degree of unsatur~tion 
was very small, though in M. pusillus at 250 and 50°, and also in 
° Rhizopus sp.III at 50 , there was a suggestion that the lipids of 
cultures grown in enriched oxygen were more unsaturated than those 
grown in 2~6 oxygen (Fig. 32). 
It is thought that despite the provision of an atmosphere 
rich in oxygen outside the culture flask, diffusion of gases through 
the cotton wool plug was insufficient to raise the oxygen concentra-
tion o~ the cultures significantly. Unfortunately in this experi-
ment the Astrup micro-equipment and oxyge~ electrode were not 
available and it was not possible to measure the p02 of culture 
media and calculate their oxygen concentration. 
..... 
. --
""."'-:-) ~ 
- 195 -
• I !i ' 
r . 
. -,' 
, ;3-:\ ~. . ~ I' 
, 'I I: II ,I 
. ~. ~ 
. " .~ , 
50°. TABL"; 49 . -:"ne effect of different P.'aseous atmospheres on tbegrowth and fatty acid composition of M. pusi11us grown at 25
0 aDd' . :~ I ~ , i 
' ''''';' ~ ' . I ~ I " 
Atl1'osphere OXYGm J:ITROG~ OXYGEN · NITROGEN I :,:" OXYGEl~ NITROGEU · · : 
· 1 
· 
4 2 · 3 l 4 
. 1 - ; 
· 
· 
. 
Tempprnture 25° 50° 25° rJf ! 25° 
o "' 50 
--
I:' 
Incubation 3 6 9 12 3 6 9 12 3 6 9 
12 3 6 9 12 3 6 9 12 6 9 
Per iod (d ?..ys) 
3 12 
.-
.. • 
t"""th 1.GG 5.00 6,13 0. 24 3.00 4. 80 5.33 7.40 2.06 4. 73 5. 80 6.00 3.86 4.93 5.73 7.06 1. 53 4. 65 6.06 6.53 3.80 4. 00 6.00 7. 0 (rn .... . firy wt . /ml. ) 
i pid Yield 13 . 2 33. 8 45 . 3 23.0 6.0 29.0 39 . 6 19. 4 22.4 30 . 8 
44 . 5 19. 3 17. 1 25 .0 30.5 16. 8 7. 8 27. 4 38. 4 22. 8 16.4 17,9 40.0 14 . 2 
('" of dry wt . ) 
Fatty Acids 
I 
14 .0 1. 6 2.0 1.5 1.6 1. 8 1.5 1.1 
1. 3 1. 8 1.4 1. 2 1. 6 1.8 1,1 1,1 1.0 1 .0 1. 5 2.0 1. 4 1.5 1. 4 1.1 1. 8 
16.0 28.1 29. 2 33.1 30 .4 29 . 8 27.0 
22.0 24 . 4 26. 6 28. 2 30. 2 30 . 6 28.1 27. 7 23. 6 26. 4 27. 6 25 .1 ' ~. 5 25 .1 "!f) . 0 25 . 5 32. 2 29. 4 
16.1 4.0 3.7 3. 6 4. 5 2. 8 
4.0 3. 8 4.1 4.9 5. 8 2. 5 3.0 4. 8 3· 5 3.0 3.5 ~. 7 
I 3.7 2.4 3.1 4. 2 4.4 5. 4 5.9 
18.0 7. 8 4.2 ). 2 5.1 5.0 10.3 
12.4 11. 3 9.0 4.5 6. 6 5. 6 5. 5 6. 7 10 . 4 6. 4 8. 8 7. 3 6.0 6. 8 10 .1 9.0 4. 9 5. 4 
18.1 44 .0 41 . 2 44.1 42. 8 
39 .9 41.0 38. 2 36.4 41. 3 41. 3 42. 2 43.9 40. 3 42. 3 43. 4 44.1 43. 
43. tt 38. 6 38 . 7 39 .0 37.8 39 . 7 40 . 8 
18. 2 12. 3 13. 2 13.7 
13.4 16.5 16. 8 17. 7 15. 2 12.7 14. 6 14. 8 15. 6 16. 3 16. 6 13. 
14 . 8 15. 2 15 · 3 17.0 14.0 15 .4 14.0 
16.0 13. 5 
2. 6 2.0 2.0 2. 2 5.
1 4.0 4. 2 4. 4 2. 9 1.9 2. 5 2.5 3. 7 3. 3 1. 5 18.) 4.1 3. 2 4 r, 4.7 3. 6 4.4 2.5 2.9 3. 2 
Degree of 0. 84 0.75 0. 80 0. 81 
0. 85 0. 90 0. 88 0. 89 0. 85 0. 7 o. 2 0. 84 0. 87 0. 88 0. 88 0. 79 
Unaaturation 0. 82 0. 81 0. 86 0.92 
0.90 0. 86 0. 80 0. 83 
I L... 
---
, 
1 
i 
At OS::'llcrc 
Incubation 
.. eriod (days ). 
Growth 
( ... .., . ry ",It . / 
Lipid Yield 
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':'he effect of clif f e 'ent CDseOU6 atmospheres ,n the t., rowth and the fatt ac id com osition of the 
li~ids of a thermo~hilic Rhizorus sp . 
. I 
CxYren : Pitro[,en Oxygen : Id trogen CXYt:>en : itrogen 
1 : 4 2 :2 4 : 1 
3 6 9 3 1 6 9 3 6 9 
-' 
2. 53 4. 46 5. 00 2. 66 
') 
4. 92 5. 00 2. 86 5. 32 5. 25 1.) . 
(, of dry wei"ht) . 25 . 2 30 . 8 lrl . 6 19. 6 29. 8 33 . 5 21.9 33. 0 39 .0 
Fatty .cids I 14. 0 2. 3 1 . 2 1.5 1. 4 1.1 1.5 1.4 1. 8 1.0 
16 . 0 31. 5 35 . 6 30 . 0 31. 6 31.8 30 . 5 30. 3 32. 6 29 . 5 
16 . 1 3. 0 3. 7 3. 8 3.7 4.4 3. 4 4. 3 2. 3 4. 5 
18 . 0 8. 7 7. 7 9.1 6.4 ... 7 7. 5 6. 9 7. 9 4.7 
18 . 1 36 . 9 38 . 0 43 . 1 37 . 2 40 . 41.3 40 . 8 39 . 0 40 . 5 
18 . 2 14 . 8 12. 5 12. 2 16 . 9 14. 14 . 2 14.5 14. 0 16. 5 
18 . 3 2. 7 1. 5 1.3 2. 9 2. 5 1.7 2. 0 1.8 2. 9 
Degree of 0. 77 0. 71 0. 75 0. 83 0.81 0. 78 0 . 80 0. 75 0. 86 UnSaturation 
I , 
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Fig. 31. Effect of different gaseous atmospheres on the degree of 
unsaturation of the lipids of M. pusi11u8 grown at 
250 (0---0) and 500 (0---0). 
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0 2- ... ~ 8 
Time (days) 
OXYGEN NITROGEN 
4 1 
2 3 
1 4 
10 
OXYGEN NITROGEN 
4 1 
3 2 
1 4 
A O._O~ ________________ ~ ____ ~ __ ~ 
Fig. 32. 
o 2. 8 10 
Effect of different gaseous atmospheres on growth 
and the degree of unaaturation of the lipids of a 
thermophilic Rhizopus ap. 
7.12 
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The Effect of Increased Oxygen Concentration within 
the Culture Flask. 
In the previous experiment the effect of increasing the 
oxygen concentration of the external environment resulted in 
very small increases in lipid unsaturation. In this experiment 
the effect of increasing the oxygen concentration within the 
culture flask on the degree of unsaturation of the lipids was 
investigated. 
7.12.1 Experimental Procedure. The basic medium 
plus glucose (20 g./l.), ammonium sulphate (250 mg. N/l.) and 
sodium succinate (5 g./l.) was dispensed in 400 ml. quantities 
into 1000 ml. Erlenmeyer flasks (Quickfit FE.IL/3) with B.24 
ground glass necks. The flasks were plugged with cotton wool 
and sterilised by autoclaving at 15 Ib./in~ for 15 mins. Each 
fla~ was inoculated with 10 ml. of a standard spore suspension 
of M. pusillua. 
In order to aerate cultures. a Dreschel bottle head 
(Quickfit MF.48) was inserted into the neck of each culture 
flask (Fig. 33). Culture vessels which were to be aerated witk 
the same gas mixture were connected in seri_by rubber tubia,. 
The gas flow into each flask was sterilised by the use ot .terile 
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cotton-wool filters. The Dreschel bottle heads, cotton wool 
filters and rubber gas lines were assembled and sterilised by 
wrapping in aluminium foil and autoc1aving at 15 1b./in. 2 for 
15 mins. before inserting the Dreschel bottle heads into the 
inoculated culture flasks. 
s,ynthetic gas mixtures were made as described in 
Section 7.11.1. The following treatments were usedl 
(1) Culture vessels plugged with cotton wool, incubated ° at 25 • 
(2) 
" 
tt 
" " " " " 
" SOo. 
(3) " " aerated by ~ 02' ~ N2, " " SOo. 
(4) 
" 
tt 
" " 4~ 02' f:IYI. N2, " " 50°. 
(5) 
" " 
tt 
"m 02' y:yfo ·2' " " SOo. 
The rates of aeration in treatments 3, 4 and 5 were the 
same. For each treatment 8 replicate flasks were used, in 
treatments 3, 4 and 5 these were connected in series ~ rubber 
tubing (l!Lg. 34). CuI tures were harvested in duplicate after 3, 6, 
10 and 14 d~. incubation at the specified temperature. 
~celia1 .ats were removed, dried and the lipid eztraoted. 
The lipid was hydrolysed, and the resulting fatty acids .etb7latel 
and analysed by Gte. 
Fig. 33. 
sterile 
filter 
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gas in 
Passage of gas over surface of growing culture. 
using a Dreschel bottle head. 
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( 
Fig. 34. Production of a synthetic gas mixture and introduction 
into the gas phase above growing cultures of M. pU~iliu •• 
( ~ direction of gas flow). 
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Results. Data for the growth, lipid synthesis and 
fatty acid composition of M. pusillus in different conditions of 
aeration are presented in Table 51. 
The passage of a stream of gas over the surface of the 
fungal mat had a small effect on the degree of unsaturation of 
the mycelial Japida, though this effect persisted throughout the 
growth cycle. When grown at 500 the lipids of aerated cultures 
were slightly more unsaturated than those of unaerated cultures 
grown at the same temperature. Of the three gas mixtures tested. 
the highest degree ~ lipid unsaturation was obtained in cultures 
aer~ed with a synthetic mixture containing 40% oKygen and 6~ 
nitrogen (Fig. 35). 
Determination of the p02 and calculation of the oxygen 
concentration in media of 14 day cultures (Table 52) showed that 
at 500 the medium dboth aerated and unaerated cultures was almost 
completely devoid of oxygen; the medium of unaerated cultures 
grown at 250 was also oxygen-deficient though not to the sam. 
extent as 500 cultures. 
It is clear therefore that the mycelial mat reduce. the 
rate of gaseous diffusion between the atmosphere and culture 
medium to a level which is insufficient to balance the rat. at. 
which oxygen is utilised from the medium and may be rate-li.ttt •• 
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TABLJ~ 51 . Tbe effect of aer at ion on the rro··,th, lipid yield am fatty acid compos ition of M, pus illus Brown at 
o 0 ' . 25 and 50 • . ' : ... 
~ .. F" 
. 
I. , 
I ( 
I 
Culture Conditions . lJon- Aer.::!te 
. 
non-Aerated 
\Aeratcd Aerated 
A01'ated 
j 
Atmosphere Air } Air 
Oxygen . Nitro~en Ox;! ~\ 'I d trogen Oxygen : Ni trogen . en ~ 
20% 80 i i ' 
70% :JJ% 
'r 
I ncubat ion 
Temper ature 25° 
50° 50° I l 50° SOo 
.r 
Incubat ion Period 3 6 10 14 3 6 10 14 3 6 10 
t 6 10 14 3 6 10 14 
14 3 
(days ) 
1-----_________ 
- ------
.------ -
- p 
Growth 
I I. 
(mg . dry wt . /ral.). 0. 21 2. 22 3. 56 4.32 
2. 85 3.19 3. 71 3. 75 1.:JJ 2. 50 3.00 3. 66 1. 53 
2. 71 2. 96 4 . 20 1.73 2.1 6 3. 39 4.15 
Lipid Yi eld 36. 8 
9.1 3 2 
(% of dry wt .). 34 . 6 24 . 1 15. 8 24 . 3 16.0 13.0 3. 1 22. 1 11. 2 8.8 1.9 
26 . 3 20 . 3 
19. 3 (> .8 1.4 3.0 
. 
Fatty acid 1. 1.1 1.5 1.2 1.5 1.5 1.4 
14.0 1. 5 1. 4 1.1 1. 8 1. 2 1.5 1.1 1.6 1.3 1.4 1.2 1.4 1.2 
16.0 30 . 2 26 . 5 21.5 28 . 6 29 .9 31. 3 31, 3 28.6 29 . 3 28.5 
11 28.0 ?6. 3 2A.8 YJ .7 YJ . l :f). 7 27.7 
28.0 29 .5 29 . 4 
16. 1 2. 8 3.1 3.1 2. 8 2.8 2. 4 3.1 3. 6 4. 2 3. 5 2.8 
2. 3 2.1 2.0 3.1 2.8 2.1 1.8 
2.0 1.6 . 
18.0 5.0 2.7 5.0 3.4 4.8 3.5 4.0 3.9 4. 6 3. 8 
4.2 2. 6 3.4 4.0 3.4 3.4 3. 6 
3.5 3. 1 4.8 
18.1 39.4 39.4 37. 8 38.0 36. 6 40 .0 
38.3 39.7 36. 8 38. 6 38. 6 37.3 
.10 . 5 38. 8 36 . 8 4),0 41.0 42 . 5 
37.5 38 .0 
18. 2 19.3 22 .7 20 . 2 21. 8 20 . 2 17.1 
17. 4 18. 3 17. 6 19.1 20 . 9 22 . 8 22.5 
21.6 22.0 18.4 17· ? 17.5 18. 6 
20 . 9 
18.3 2. 8 4. 2 5. 5 3. 7 4. 5 3.7 4.9 
4.2 e;.2 5. 2 4.9 3. 8 3. 6 3.7 5.
8 3. 6 5. 8 4.6 4.1 4.1 
Degree of 0 . 89 0. 93 
. 89 0. 91 0. 92 0. 95 0. 96 0. 98 
! 0. 96 1.03 0.96 0 . 94 0 ·92 0.91 0 .94 
Unsaturation 0.91 0. 98 
0. 96 
0 . 95 0. 92 
I 
-
-r I 1 -- .-
" 
.. ' 
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Dete r Mi nat i on of the .artial ~ressure ( p 02) of Cultures of • pus il1u5 grown unde r different conditions 
of ae r ation for 14 days a t 25° and 500 . 
i 1 
Culture Condit ions . l.tr. OSl)hcre . Tel:lperature l~e.p1 ic ate . p 02 detcrminat~on . Hean p °2 02 concentrati on . ( mm . Hg) . <r M 2/l. II2) · L ( mm . rig ) • 
IJon - i.er~ "Ced Air 25° 
i ' 
;' 
45 , 28 , 36 . 36 58 
;;on- aerc ted .. ir 50° 10 , 18 , 13 13 14 
J\erb ted 20'/ °2 , 80~~ 112 50° 10 , 12 11 12 
Aer&ted 4()"fo 02 ' 607' T 2 50° 14 , 14 14 15 
,. 
Aerl:. ted 705~ O2 , 30;& N2 50° 13 , 13 13 14 
~ H 
'·05 
• ,.... 
Q) 
M 
0 
e <i 1•00 
-
f\.) 
0 
0'>. $:I 0 
0) I 
°2(unaerated,25 on 
'!;; 0·'15 
f.t 
~ 
~ 
as 
ro 
r:s 
~ 
ft.t 0 .• 0 0 
• ~ 
&~k. I " 
o 2. it- ~ 8 
Time (days) 
10 11 • It-
ftg. 3.5. Ettect of difterent oxygen concentrations on the degree of unsaturation 
ot the lipids ot H. pusillus grown at 25° (0---0) or 500 ( ). 
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for the fatty acid de saturation reaction. 
'iJi th one exception, in all the experiments described in 
Chapters 6 and 7, the fungi were grown in still culture and 
developed as a tough mycelial mat. Determination of the P02 
showed that the oxygen concentration of the medium was reduced in 
cultures which covered the surface of the medium; reduction of 
the oxygen concentration was particularly marked in cultures grown 
at a high temperature. 
In still culture, therefore, the mycelial mat grow. under 
conditions which are physiologically heterogeneous - the aerial 
part of the mat growing in aerobic conditions and the submerged 
part growing in increasingly anaerobic conditions. 
Several experiments were set up, the aim in each case 
being to study the effect of different concentrations of oxygen 
on the degree of unsaturation of the lipids of M. Rusillua grown 
under physiologically homogeneous conditions. Since none of the 
aethods tried proved satisfactory, the methodology will be only 
briefly summarised. In those experiments where culture tlaaka 
aerated with gas of the same composition were arranged in •• rie. 
(Fig. 36 (i) and (ii» the fungus grew into the aeration tub •• 
causing a blockage of the gas supply and a consequent blow-oat. 
A glass fermenter was built (Fig. 36 (iii» tro. a. Quiokt!'. 
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multisocket lid (~~ 2/2) joined by ground glass surfaces to 
a (.uickfit culture vessel (F.V.20 L.). Agitation was provided by 
an overhead motor driving a Quickfit link stirrer (st.l/l) and air 
pumped into the fermenter through a sterile cotton wool filter. 
Afte~sterilisation the fermenter was lowered into a water bath 
maintained at 500 • In an effort to obtain growth of M. pusillua 
under fermentation conditions several type. of inocula were tried 
(spore suspension, homogenised mycelial mats, and shake culture 
mycelium) as were different rates of aeration and agitation. So 
long as agitation was continued there was little or no growth, but 
as soon as stirring and aeration were abandoned the fungus grew as 
a thick surface mat. 
All efforts to culture M. pusillus in physiologically 
homogeneous conditions failed and though it see~ possible from still 
culture experiments that aeration may affect the degree of lipid 
unsaturation, the physiological heterogeneity of the still culture 
system probably precludes ~7 wide differences in lipid unsaturation 
under different oxygen concentrations in the atmosphere above the 
medium. 
A further study is envisaged on the effect of oxygen con-
centration on the degree of unsaturation of the lipids of theraophilic 
fungi grown in fermentation conditions and since mucoraceou. fungi 
are exceptionally difficult to grow in a feraenter it will be nece •• -r.r 
to investigate other fungal groups to find a suitable organi ... 
sterile 
filter 
, r 
gas flow 
gas flow 
Drive 
gas in 
gas out 
(i) Aerated , 
still culture . 
(ii) Ae r ated , 
shake culture . 
(iii) Aerat ed , stirred , 
deep culture . 
Fig . 36 . Methods used for gr owth of M. pusillus in physiologically 
homo geneous condit i ons . 
N 
o 
~ 
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C:rrAl''I~R 8. DISCU;jSION. 
'l'hose orGanisms which lack extensive tissue 
differentiation are grouped together in the Protista. The 
Protista comprises two sub-groups, the lower protists which 
include bacteria and blue-green algae, and the higher protists -
algae, protozoa and fungi (stanier ~~. 1963). Since the 
advent of gas-liquid chromatozraphy the procedure of fatty acid 
analysis has become fairly straightforward, with the result that 
the fatty acids of many protists have been analysed and some 
correlation with taxonomic classification has become possible 
(see reviews of Kates 1964, 1966, Lennarz 1966, Shaw 1966a). 
In general the lower protists are incapable of 
synthesising polyunsaturated (po1yenoic) fatty acids, the lipids 
of bacteria and blue-green algae typically containing only 
saturated and monoenoic fatty acids. One exception is the highly 
evolved filamentous blue-green alga Anabaena variabilis which 
synthesises both dienoic and trienoic fatty acids (Levin !1 !!. 
1964). The higher protists on the other hand, characteristically 
synthesise polyenoic fatty acids, which may contain up to six double 
bonds. 
Four main classes of fatty acids have been found in the 
bacteria: saturated straight-chain, branched-chain and cyclopropaae 
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acids, and straight-chain unsaturated acids. Gram-positive 
bacteria contain branched-chain acids, often as a major 
proportion of the total fatty acid; branched-chain acids are 
found only in trace quantities in Gram-negative bacteria 
which typically contain saturated, monoenoic and cyclopropane fatty 
acids. In contradistinction, the higher protists generally 
contain only two main classes of fatty acids: straight-chain 
saturated, and unsaturated acids, though branched-chain acids 
have been reported in trace quantities in ciliate protozoa 
(Erwin and Bloch 1963). No report could be found in the 
literature of the occurrence of cyclopropane acids in higher 
protists. 
In the higher protists the ability to synthesise 
polyunsaturated fatty acids is important taxonomically. Algae 
and protozoa, which synthesise fatty acids containing up to six 
double bonds, differ from the fungi which do not synthesise acids 
containing more than four double bonds. Fhylogenetically, 
evolution of the more advanced protists away from the algal common 
stock is associated with an increasingly limited ability to 
synthesise polyunsaturated fatty acids (l'ig. 37). 
The polyenoic fatty acids of protists have been separated 
into two groups, ant..) 3 group and ane.» 6 group (Korn .!! .!!. 1965). 
In the"'3 group, fatty acids have a double bond 3 carbon atoms 
away from the'" carbon atom, e.g.o(-linolenic acid (9, 12, 
LA) 3 GROUP CAl 6 G1WUP 
BASI DI OMYCETES . ZYGOHYCETES . 
~ 3 18 : 2 ~ 18 : 3(d) (,.) 6 18 : 2 ~ 1 8 : 3(d) 
I 8 
(e) W 6 18 : 2 ---;. 1 : 3 -~20 : 1 - ,. 20 : 3 ~20 : 4 
ASCOMYCETES . 
Co\J 3 18 : 2 ~18 : 3(d) (.) 6 
W 6 
i 
CGNYCETES . 
18 : 2 --+ 18 : 3 ~ 20 : 4(d , e) 
18:2 ~ 18 : 3 ~ 20 : 4(f) 
i 
PRI MI TIVE PHYCOMYCETES . 
(no data ava ilable) 
ZOOFALGELLATES (e . g . Leishmania enriettii) ZOOFLAGELLATES (e . g . Cri thidia) . 
( c )-
W 3 018.: 2. -+ 18 : 3 ' ;:~~ ... , ... ~. 
w 3 
w 6 
CAl 3 
W 6 
18:2 ~ 18 : 3 ~ 22 . 5(b) 
20 : 2 ~ 
ZOOFLAgELLATES (e . g . Leishmania tarentolae) 
18 : 2 -+ 18 : 3 ~ 22 : 6(b) 
18 : 2 ---+ 18 : 3 ~. 22 : 5 
......... 20 : 5 / 
CHRYSOHONADS 
18 : 2 ~ 18 : 3(a) 
18 : 2 ---.,. 18 : 3 ---. 22 : 5 
~ 20 : 2 ,/" 
Fig.37. Su ggested phylogenetic relationship of some protist groups based on the schemes 
of Erwin et al e (1964) and Shaw (1966a) , and incorporating the results of 
(a) Haines et a1 . (1962) , (b) Korn et a1 . 1965 , (c) Korn and Greenblatt (1963) , 
(d) Shaw ( 1 965) , (e) Tyrrell (1967) , (f) Bowman and Mumma (1968) . 
f\) 
I-' 
f\) 
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l5-octa-decatrienoic acid); fatty acids of thell6 group have the 
extreme oethyl-directed double bond 6 carbon atoms from the 
~ atom e.g. ~ -linolenic acid (6, 9, l2-octadecatrienoic acid). 
In the more advanced protists (fungi, and amoeboid, ciliate 
and some zooflagellate protozoa) the polyunsaturated fatty acids 
are of only one type, i. e. either the II) 3 or thew 6 group. The 
more primitive protists however (chrysomonads and some 
zooflagellate protozoa) retain the ability to synthesise fatty 
acids of bothw3 andw6 groups (Fig. 37). 
In the fungi, there appear to have been two separate 
lines of development from common zooflagellate ancestors. One 
line extends from zooflagellates resembling Leishmania enriettii 
to ascomycete and basidiomycete fungi. The other line extends 
from zooflagellates resembling Crithidia, through unicellular 
Phycomycetes and mycelial oomycete Phycomycetes, to mycelial 
zygomycete Phycomycetes. All the phycomycete fungi so far 
examined have been found to contain¥-linolenic acid as opposed 
to~linolenic acid, and it seems probable that in these fungi 
all polyunsaturated acids are of thew6 type, though no data 
could be found in the literature regarding the positions of 
the double bends of the C20 and C22 polyenoic fatty acids. 
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Evolution of phycomycete funGi from zooflagellate ancestors has 
involved a reduction in the ability to synthesise certain long-
chain ~olyenoic fatty acids (Fig. 38). In the more advanced 
Phycomycetes, the Zygomycetes, fatty acid biosynthesis terminates 
with linolenic acid (18:3) in the Nucorales and with arachidollic 
acid (20:4) in the Entomophthorales; oomycete fungi however, are 
able to synthesise C22 polyenoic acids in addition to linolenic 
and arachidonic acids. It should be pointed out, however, that 
so far only the mycelial Phycomycetes have been examined; an 
analysis of the fatty acid composition of some primitive 
unicellular Phycomycetes would clearly be of interest from a 
phylogenetic point of view. 
In the last decade, during which fatty acid analysis 
has come to play an increasingly important role in the taxonomy 
of micro-organisms, studies on fatty acid biosynthesis have also 
progressed rapidly, and the subject has been extensively reviewed 
(Asselineau and Lederer 1960, i'iakil 1962, Mead 1963 and Reeves 
!i.!1. 1967). 
It is now known that in fatty acid metabolism the 
synthetic pathway is distinct from the degradative (~-oxidation) 
pathway; in the anabolic process NADPH and the D(-)-~-hydroxy 
ENTOHOGErmU S FORMS NON- EliTOLOGENOU5 FORHS 
Entomophthora spp . Basidiobo1us spp . 
c.) 6 18 : 2 ~ 18 : 3 ~ 20 : 1 ~ 20 : 3 ~ 20 : 4 (c) W 6 18 : 2 ~ 18 : 3(c) 
Conidiobo1us spp . 
W 6 1 8 : 2 ~ 18 : 3 ~ 20 : 1 ~ 20 : 3 ~ 20 : 4 (c) 
/ 
ENT0I-10PH'IHORALES 
~ 
PEROlWSPORALES t-mCOl~ALES • 
Pythium debaryanurn Nucor spp . 
Cot.) 6 18 : 2 ~ 18 : 3 ~ (20 :4?)(d) W 6 18 : 2 ~ 18 : 3(d , e) 
c..J 6 18 : 2 ~ 18 : 3 ~ 20 :1 ~ 20 : 3 ~ 20 : 4(c) Rhizopus spp . 
w 6 18 : 2 -4 18 : 3(d , e) 
Pythium ultirnum 
~ 6 18 : 2 ~ 18 : 3 ~ 20:1 ~ 20 : 2 ~ 22 :1 ~ 22 . 2(b) 
OO}'fYCETE 
~ 
PRIHITIVE UNICELLULAR 
COHYCETES 
(no data available) 
r 
ZOOFLAGELLATES (Crithidia type) 
Co\) 6 18 : 2 ~ 18 :3 ~ 22 : 5(a) 
~ 20 : 2 ".;:" 
LINE 
Fig. 2 . Suggested lines of evolution in the Phycomycetes , based upon Scheme proposed 
by Bessey (1950) and incorporating the results of (a) Korn et al . (1965) , 
(b) Bowman and l'1umma (1968) , (c) 'l yrrell (1967) , (d) Shaw 1965 , 
(e) Sumner , Morgan and Evans (in press) . 
f\) 
...... 
\Jl 
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acids are involved, while in the catabolic reactions HAD and the 
L(+)-~-hydroxy acids are involved (,Jakil !! ale 1964). 
The biosynthesis of even-numbered, saturated fatty acids 
occurs by the malonyl coenzyme A pathway, the overall reaction 
for the synthesis of palmitic acid being: 
CH3CO-bCOA + 7 HOOCCH2CO-SCoA + 14 NADPH + 14 H+~ 
CH3(CH2)14COOH + 7 CO2+ 8 CoA-SH + 14 NADP++ 6H20. 
In outline, fatty acid biosynthesis involves the 
initial condensation of one acetyl and one malonyl unit, 
followed by the stepwise addition of the appropriate number of 
malonyl units to give the required long-chain acid. Th~ 
synthesis of malonyl CoA from, acetyl CoA is catalysed by the 
biotin-dependent enzyme, acetyl CoA carboxylase: 
Mn++ 
HCO; + ATP + CH3CO-SCoA > OOCCH2CO-SCoA + ADP + Pi 
The reactions involved in the addition of each two-
carbon unit to the fatty acid chain are catalysed by fatty acid 
synthetase enzymes. These reactions have been extensively 
studied in E. coli (Goldman 1964, Alberts et ale 1964, 1965, 
--
1. 
2. 
Majerus !1!!. 1965, Vagelos !!!!. 1965) and are shown in Fig.39. 
acetyl transacylase 
acetyl-S-CoA + ACP-SH ", acetyl-S-ACP + CoA-SH 3 
malonyl transacylase 
malonyl-S-CoA + ACP-SH ", malonyl-S-ACP + CoA-SH , 4 
~-ketoacyl-ACP synthetase 
acetyl-S-ACP + malonyl-S-ACP , ~ acetoacetyl-S-ACP + CO2 + ~CP-SH 5 
~-ketoacyl-ACP reductase 
acetoacetyl-S-ACP + NADPH + H+ ", D-B-hydroxybutyryl-3-ACP + NADP+ 
'" 
6 
enoyl-ACP hydrase 
D-B-hydroxybutyryl-S-ACP , crotonyl-S-ACP + H20 , 7 
eno~l-ACP reductase + 
crotonyl-S-ACP + NADPH + H • butyryl-S-ACP + NADP 8 
I\.) 
f-J 
-....J 
Fig. 39. Reactions in the biosynthesis of long-chain saturated fatty acids in E. coli. 
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It will be seen from Fig. 39 that the intermediates 
remain bound to a protein molecule, called "acy~ carrier protein" 
(ACP) • The concept that intermediates of fatty acid metabolism 
might form protein-bound comrlexes was originally proposed by 
Lynen (1961, 1963) and stemmed from his inability to demonstrate 
free intermediates in fatty acid synthesis in Saccharomyces 
cerevisiae. Lynen (1961, 1964) provided positive evidence for 
an intermediate-protein complex by showing that purified yeast 
fatty acid synthetase catalysed the condensation of acetyl CoA 
and malonyl CoA to form a protein-acetoacetate complex. The 
nature of the protein or proteins involved in the binding of 
intermediates of fatty acid synthesis in yeast have not been 
characterised. In bacteria however, a "protein derivative" 
of CoA, acyl carrier protein (ACP), has been found to be the 
thioester compound to which all the intermediates of fatty acid 
synthesis are linked (Marjerua !i!!. 1964). The acyl carrier 
protein has also been shown to be involved in fatty acid 
synthesis in plant and animal systems (Overath and Stumpf 1964, 
Alberts ~!!.. 1964, \'iakil !!!!. 1964, Brooks and Stumpf 1965). 
Jtudies on the fatty acid synthesising systems of 
E.ooli and Clostridium kluyveri have revealed that ACP, which ia 
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readily fructionated from the synLhetase enzymes, is stable in 
O.IN Bel and boilin L; water (Lennarz et ale 1962, Alberts et ale 
-- --
1963), unaffected by DNAase and RNAase, but destroyed by trypsin 
and chymotrypsin (Alberts et ~. 1963). The purified protein 
has a mdecular weight of between 9,000 and 10,000 (Majerus ~ ~. 
1964) • The prosthetic group has been identified as 4' phospho-
pan tetheine, which is linked to the protein via a J,hosphodiester 
linkage to the hydroxyl group of serine (Majerus !i~. 1964) 
(See Fig. 40). Despite the obvious structural similarities 
between ACP and CoA (c.f. Fig. 41), fatty acid synthetases exhibit 
a marked specificity for ACP thioesters as opposed to CoA 
thioesters. 
Fig. 40. structure of the-prosthetic group of acyl carrier protein. 
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_ t _ 
O-P-O OR 
t 
Fig. 41 Structure of Coenzyme A. 
In contrast to the fatty acid synthetases from E. coli 
and C. kluyveri, which have been resolved into various components, 
the synthetases from S. cerevisiae and pigeon liver have 
resisted fractionation. As a result of the studies of Lynen 
and co-workers over the last decade (summarised by Lynen 1967) 
it is known that the fatty acid synthesising system of yeast 
comprises a homogeneous, multienzyme complex with a molecular 
weight of 2.3 million. The system characteristically requires 
acetyl CoA as a "primer" for fatty acid synthesis; the acetyl 
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residue forms the methyl end of the fatty acid indicating that the 
two-carbon units from malonyl CoA are added to the acetyl residue 
during the synthetic reaction. Homologous, saturated acyl CoA 
esters were found to replace acetyl CoA as a 'primer\ but the 
oxidised products of the fatty acid desradation process could 
not prime the synthetic process. 
Lynen found that the transformation of malonyl CoA 
into fatty acids was achieved throulh intermediates that are 
covalently bound to thiol groups on the synthetase enzyme. 
There are two different types of thiol group, designated 
'central' and 'peripheral' groups according to their position on 
the synthetase molecule. 
The synthetic process is initiated by the transfer of 
an acetyl residue to the peripheral thiol group, and the transfer 
of a malonyl residue to the central thiol group. The next step 
is a condensation reaction resulting in the formation of an 
acetoacetyl residue bound to the central thiol group of the 
enzyme. The~-keto acid residue then undergoes a reduction 
involving NADPH to form D(-)-~-hydroxybutyryl - enzyme, 
followed by dehydration to crotonyl-enzyme, and then a second 
NADPH-linked reduction to form butyryl-enzyme. The butyryl group 
is transferred to the peripheral thiol group, liberating the 
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central thiol ~roup for acceptance of the next malonyl residue. 
The reaction cycle can then proceed again and in this way the 
fatty acid chain is extended to the appropriate length. In the 
terminal reaction the long-chain fatty acid-enzyme complex is 
transferred from the central thiol croup to CoA, with the 
formation of the ap}ropriate acyl CoA and the regenerated enzyme. 
Lynen has proposed a hypothetical structure for the 
multienzyme coml>lex of yeast fatty acid synthetase in which 
seven different enzymes are arranged around a core containing 
the central thiol group (Fig. 42). 
palmitoyl 
transfer 
reduction 
2 
Fig. 42. 
malonyl transfer 
acyl transfer 
condensation 
H 
dehydration reduction I. 
Hypothetical structure of the multienzyme complex of 
fatty acid synthetase(Lynen 1967). 
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This implied high deGree of structural order was 
confirmed by electron microscopy, which also suggested that the 
purified yea.st enzyme may be composed of three sub units 
(Hagen and Hofschneider 1964). Tracer experiments which showed 
, 
thut the yeast synthetase contains 3 moles of 4 -phosphopantetheine 
covalently linked to one mole of enzyme (<lells .!!.!!. 1966) are 
taken to provide additional evidence for a three-subunit structure; 
these results also indicate that the central thiol group of 
yeast fatty acid synthetase may be analagous with the ACP of 
, 
bacterial systems. Lynen envisages the 4 phosphopantetheine 
component as being able to rotate on the central core axis. 
In this way the acyl intermediates covalently bound to the 
central thiol group could be conveniently moved from one active 
site to another on the surrounding enzymes. 
There are two distinct mechanisms by which unsaturated 
fatty acids are synthesised; one mechanism requires molecular 
oxygen, while the other proceeds anaerobically, acyl carrier 
protein being involved in both mechanisms. 
In the anaerobic pathway, which takes place in bacteria 
in the order Eubacteriales and Pseudomonadales, de saturation 
has been shown to occur at the CIO or C12 stages, while the fatty 
acid chain is still being lengthened. 
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In the aerobic pathway which has been shown to take 
place in a small number of eubacteria and widely in members of the 
protist, plant and animal kingdoms, desaturation occurs after 
elongation of the fatty acid chain has been completed. 
In S. cerevisiae cell-free extr~cts have been shown to convert 
CoA esters of palmitate to palmitoleate, and of stearate to 
oleate (Bloomfield and Bloch 1961). 
°2,NADPH 
CH3(CH2)14CO-S-COA ~ CH3(CH2~H=CH(CH2)7CO-S-CoA 9. 
palmityl CoA palmitoleyl CoA 
°2,NADPH 
CH3(CH2)16CO-S-COk ~ CH3(CH2)7CH=CB(CB2)7CO-S-COA 10. 
stearyl CoA oleyl CoA 
Essentially similar cofactor requirements have been 
demonstrated in a number of different systems, for the conversion 
of monounsaturated to polyunsaturated fatty acids; the cofactors 
so far identified are oxygen, NADPH, CoA, ACP, and in isolated 
chloroplasts, ferredoxin (Mudd and Stumpf 1961, James 1963, 
stumpf and James 1963, Nagai and Bloch 1966). The conversion of 
oleic to linoleic and linolenic acids has been demonstrated in 
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cell-free extracts of the fun"us Torulopsis utilis (Yuan and 
Bloch 1961, Keyer and Bloch 1963), the green alga Chlorella 
vulgaris (Harris and James 1965), and in leaf preparations 
(James 1963) and isolated chloroplasts (Stumpf and James 1963). 
Little is known of the mechanism by which aerobic 
desaturation proceeds, mainly because it has not been possible to 
purify the particulate desaturase enzymes. The suggestion 
that aerobic desaturation proceeds via a hydroxy-acid intermediate 
(Lennarz and Bloch 1960) has not been sU1Ported experimentally 
(Marsh and James 1962), and neither has the alternate mechanism 
suggested by Light !1 ale (1962) that oxygen may serve as an 
electron acceptor for the removal of hydrogen, without itself 
being involved in a covalent bond with the fatty acid. 
The pathway by which fatty acids are converted to 
glycerol esters is shown in Fig.43. Esterification of glycerol-
3-phosphate, rather than glycerol itself, results in the 
formation of phosphatidic acid which is important in the 
biosynthesis of both triglycerides and phospholipids. The 
biosynthesis of complex lipids by micro-organisms hasbeen 
reviewed by Kates (1966). 
CH - OIl 
(> 
• CH2- 0 - r - CH 
elI 
~lycerol-3-phosphate 
ell - 0 - C{J - R I 2 1 
eR - 0 - CO - R2 
CR - 0 - CO - R3 
Triglyceride 
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R -1 CO - S - CoA 
+ 
R - CO 2 - S - CoA 
~ 
R - CO - S - CoA 3 
CK -I 2 o - CO - Rl 
CR o - CO - R 2 
I. 0 • CR - o - p - OR 2 I 
OR 
Phosphatidic acid. 
V CTP 
~ Pi 
eDP - Diglyceride. 
CH - 0 - co - R 1 2 1 
CR - 0 - CO - R2 
o 
.. 
CH2- 0 - 1 - 0 _ox 
OR 
Phosphatide. 
l"ig. 43. } athways leading to the synthesis of triglycerides and 
phospholipids. 
(X = choline, ethanolamine, inositol, ornithine or serine). 
The lipids of micro-organisms are separable into a 
neutral fraction (mainly triglycerides) and a compound fraction 
(mainly phospholipids); bacteria are exceptional in that their 
lipids, which probably lack triglycerides, are composea almost 
entirely of phospholipids. Phospholipids are associated with 
• 
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the membrane structures of the cell and are considered as "structural" 
lipids, while triglyceridee are looked upon as "storage" lipids. 
In the protists there is generally a differential 
distribution of specific fatty acids between these lipid fractions. 
In the neutral 'storage' lipids the saturated and monoenoio residues 
tend to predominate, while the compound 'structural' lipid fraotion 
tends to be rich in polyunsaturated fatty aoids. This type of 
distribution has been demonstrated in blue-green algae (Levin ~~. 
1964) oiliate protozoa (Erwin and Blooh 1963), algae l Schlenk ~Ai. 
1960 and asoo~cete and basidio~cete fungi (Leegwater !1~. 1962, 
Talbot and Vining 1963, Bentley ~~. 1964). However in the 
pbyco~cete fungi and certain zooflagellate protozoa there appears 
little difference in specifio fatty aoid composition between the two 
lipid fractions and this is considered as further evidenoe for suppoeing 
that Pbyc~oetes were evolved trom zootlagel1ate ancestor •• 
~om the lack of differentiation in the tat~ acid 
oomposition of the various lipid traotions ot phyoo~cete tungi it might 
be expeoted that the overall fatty aoid composition of the .,oe11&1 
lipids would remain fairly constant throughout the growth cycle. Thie 
was borne out by the present investigation with a nuaber of !Be2r end 
Rhizopus species, in whioh the fatty acid co.poaition ot the .,081181 
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lipids was found to fluctuate by only relatively minor amounts. 
Substantially similar results have been reported for other 
IDUcoraceous fungi (:Bernhard ll!l. 195B, White.!l!l. 1962, 
Shaw 1966). In this connection mucoraceous fungi are useful 
experimental material, since experimentally-induced modifications 
are not masked by alV Itageing" effects. In ascolltVcete and 
basidio~cete fungi, on the other hand, wide variations in fat~ 
acid composition can occur during the various phases of the growth 
cycle (Leegwater ~!:!.. 1962, Salomonowicz and Niewiadomski 1965). 
A number of experiments were carried out with M. pusillua, 
the aim being to define the effect of several environmental factors 
on lipid synthesis and fatty acid composition of this fungus. The 
nature of the carbon am nitrogen source in the culture mediua 
markedly influenced the rates of growth and accumulation at ~ce11al 
lipids, though the degree of unsaturation appeared little affected 
by the nature of the carbon and nitrogen source. 
The concentration of caJ!lbon am nitrogen in the cui ture 
medium was found to influence both the lipid content and the degree 
of lipid unsaturation of the ~celium. When grown on a medium at 
high CaN ratio the lipid content of the IItVcelium of Me pusillua w .. 
high, lipid comprised over 40% of the IItVcelial dr,y weight; in media 
tI 
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of lower C:N ratio the lipid content of the mycelium was reduced. 
'I'be C:.N ratio had a definite effect on the fatty acid composition of 
the ~celial lipids; as the concentration of nitrogen was increased 
so was the degree of unsaturation of the lipids. Increased 
synthesis of unsaturated fatty acids under media conditions of high 
nitrogen has also been reported for Scenedesmus spp. (Lamonica and 
Conti 1962, Koelensmid .!i.!!.. 1962, Erwin and :810oh 1963&, Klenk n .!!.. 
1963) and ~. coli (.Ma.rr and Ingraham 1962). 
1~0 explanations for the '~igh-nitrogen" effect have been 
offered. ~a. (1966) considers that in Soenede • .ua the CaN ratio 
modifies the relative amounts of the triglyceride and phospholipid 
fractions, and since the fatty acid composition of these component. 
is markedly different, changes in CIN ratio result in changes in degree 
of lipid unsaturation. 
In E. coli however, the lipids are oomposed predolDinantly of 
phospholipids, irrespective of culture conditions. Karr and Ingrabaa 
(1962) consider that in this organism the increase in degree at lipid 
unsaturation with increased nitrogen content in the mediua i. due to 
the synthesis of certain intermediates of nitrogen metaboli •• which ~ 
stimulate synthesis of unsaturated fatty acid.; these intermediat •• 
probably limit unsaturated tatty acid synthesis in nitrogeD-ll.ited 
cultures. 
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In the present investigation, evidence that the "high-
nitrogen" effect can occur together with a high rate of storage lipid 
accumulation was obtained by increasing the concentrations of carbon 
and nitrogen in the culture medium, while maintaining a constant e:K 
ratio. It was found that the degree of unaaturation of the ~ce1ia1 
lipids increased as the nutrient status of the medium was increased. 
Since in M. pusillus the fatty acid compositions of botk neutral and 
compound lipid fractions are practically identical, ~ increase in 
degree of unsaturation of the gross ~celial lipids probably occurs 
in both fractions. It seems likely therefore that increases in the 
degree of unsaturation of the lipids of micro-organisms under high-
nitrogen culture conditions is due to increased synthesis of unsaturated 
fatty acids per ~, rather than to a proportional decrease in the 
synthesis of saturated fatty acids. 
As the result of a number of experiments in which 
mucoraceous fungi were grown at different temperatures it becaae 
clear that fungal lipids become more unsaturated as the incubatiQD 
temperature is lowered. Several explanations have been advanced tor 
the adaptive desaturation of lipids with decreasing enviroamental 
temperature, and these fall into two categories, those concerned with 
the en~es i~olved in fatty acid metabolism (Kates and Baxter 1962, 
Meyer and Bloch 1963) and those concerned with the cofactor requirement. 
of these enzymes (Harris and James 1968). 
- 231 -
The enzymes involved in fatty acid synthesis are the 
synthetases, which catalyss the elongation of the fatty acid chain, 
and the desaturases which cata1yse the insertion of double bonds 
into the respective saturated fatty acids; NADPH acts as a reducing 
agent for both desaturases and syntheta8es. The degradation ot 
fatty acids (~-oxidation) is catalysed by dehydrogenases, linked 
with NAD or NADP. 
Kates and Baxter (1962), who demonstrated the increased 
synthesis of unsaturated fatty acids at a lower temperature in the 
yeast Candida 1ipolytica, proposed that the catabOlic breakdown ot 
linoleic acid probably has a higher temperature coetticient than 
the synthesis of linoleic acid. Under these conditions linoleic acid 
would be synthesised more rapidly than it is oxidised resulting in 
the accumulation of the polyunsaturated acid with consequent increase 
in degree ot lipid unsaturation. 
Another explanation is that the temperature ettect ~ 
be due to a direct modification ot the desaturaee en~mes. In this 
connection Meyer and Bloch (1963) compared the desaturas8 actlv1~ 
of Torulopsis uti1is grown at 190 and 30°, and demonstrated that the 
desaturases were more active when extracted trom cells grown at the 
lower temperature. 
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An alternative explanation for adaptive saturation is 
that during incubation at temperatures either above or below the 
optimum for the growth of an organism, the levels of certain 
en~es may be altered. If lipid biosynthesis is represented 
by the following scheme it can be seen that if, s~, linoleic 
desaturase were present at a significantly lower concentration 
than the other e~mes, the lipids synthesised would be relative~ 
rich in oleic and linoleic acids, and poor in linolenic acid. 
Acetate ~ C16s0 --'018sa----. 018111.-•• C18a2 -+ 018&3 
~ J, " ~ '" Lipid Lipid Lipid Lipid Lipid 
In the incorporation of fat~ acid residue. into the 
lipids, therefore, 6ompetition' exists between on the one band 
the synthetases producing saturated acids, and on the other hand 
the desaturases converting these saturated to unsaturated fat~ acide. 
While these two classes of en~mes have a number of oommon 
cofactor requirements: ACP, Oo~ NADPH or NADH, they are marked17 
different in that synthetases require carbon dioxide and desaturas8. 
require oxygen. In aqueous systems the solubility of both ~g8D 
and carbon dioxide is related to temperature, an increase in 
temperature producing a decrease in solubili~ and hence of 
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concentration of both gases. It is possible therefore that an 
increase in temperature may affect the reaction velocities of the 
desaturase en~mes by reducing the concentration of one of the 
cofactors, oxygen, to a level which is rate-limiting. 
Evidence that the gaseous environment can influence the 
relative rates of synthesis of saturated and unsaturated fatty acids 
was obtained by Light ~!!. (1962). These authors showed that 
in aerobic conditions, monoenoic acids comprised ~ of the total 
fatty acids of SaooharomYces oerevisiae, while under anaerobio 
conditions the content of unsaturated acids was negligible. 
More recently, Harris and James (1968) have shown that 
in bulb tissue incubated with C14 acetate, the "desaturation rate" 
(which is the ratio of radioactivity of C18 unsaturated aoids I 
radioactivity in stearic acid, and is effectively a measure of the 
rate of synthesis of unsaturated acids) deoreases when the 
o temperature is raised above 10 • The same authors further 
demonstrated that if the concentration of oxygen in solution was 
maintained at the Bame level as that at 10°, the "desaturation 
rate" remained constant while the temperature was raised to 40°. 
Temperature was found to have no effect on the synthesis of unsaturated 
fatty acids in Cblorella vulgaris and in plant leaf tissue, and this 
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was attributed by Harris and James to the photosynthetic production 
of excess o~gen. However, the formation of unsaturated fatty 
acids was inhibited when these tissues were incubated in the dark, 
this inhibition being removed by incubating the cells with 70~ 
oxygen. 
In the present study, an experiment in which the concentration 
of oxygen dissolved in the medium was measured during the growth of 
o 
surface cultures of M. £usillus, showed that at 50 the fungus was 
rapidly subjected to conditions of almost complete anaerobiosis; 
o the oxygen concentration w~s also reduced at 25 though at this 
temperature the medium contained at least faa. times as much ~gen as 
o 
cultures growing at 50 • In the same experiment the lipids were 
found to respond in the usual manner to the incubation temperature, 
the lipids of 250 cultures being more unsaturated than those of 500 
cultures. o It is considered therefore, that at 50 surface culture. 
of M. pusillua grew under oxygen-deficient conditions which ware 
probably rate limiting for the fatty acid desaturation reaction; it 
is thought that the oxygen concentration of 250 cultures ... probab~ 
not rate-limiting. 
A number of experiments were perfor.ad in which culture. ot 
M. pusil1us were incubated 1n atmospheres enriched with various 
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concentrations of oxygen. One aim of these experiments was to 
o 
attempt to reverse the increased saturation of the lipids at 50 by 
preventing the oxygen concentration from becoming rate limiting for 
lipid desaturation. Due to practical difficulties it was not 
possible to grow M. pusillus in submerged culture, and only 
surface culture experiments were carried out. In these experiments 
determination of the oxygen concentration of the medium showed 
that even when a synthetic gas mixture of 7~ oxYgen, ~ nitragen 
was pumped into the air space above the growing culture, the culture 
medium still became o~gen-deficient. Evidently the fungal mat 
prevents adequate diffusion between the culture medium and the 
gaseous atmosphere within the culture ve~sel, and since the main bulk 
of the culture is floating in the medium it 1s doubttul whether ~ 
increase in the oxygen concentration of the gas phase a1gnif1cant17 
increases the ~gen available to the fungus itselt. 
It is clear from the experiments ot Harris and James (1968) 
that fatty acid desaturation can be regulated by the cODcentratiGft 
of dissOlved oxygen. It should be noted however, that their 
experiments, which were carried out by incubating small quantiti .. 
of tissue (in the case of ChI orella this was O.25g. wet weight) 1ft • 
rotar,y Warburg apparatus tor 5 hours in a streaa ot gas passing at • 
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rate of approximately 1.2 l./hour, represent an essentially 
"experimental" system. No account was taken by Harris and James 
of the long term effect of the experimental conditions on "natural" 
factors such as growth, reproduction, morphogenesis. It seemed 
desirable therefore to show that temperature-induced lipid responses 
could be compensated by altering the concentration of dissolved 
~gen, without a~ adverse effects on the natural growth 
characteristics of the organism. In the present study however, 
wide changes could not be demonstrated in the degree of Uftsaturation 
of the lipids during incubation with different concentrations of 
dissolved oxygen. It is considered more likely that this represents 
a 1 1m! tatioD of the experi_ntal method of aerating the growing oul ture, 
rather than the inability of the organism to synthesise hiehly 
unsaturated lipids at a high temperature. 
Fo1lowing an investigation of the effeot of oertain 
environmental factors on the lipid compee1tian of M. PU!lllg! it is 
poss1~e to offer sOlIe explanation for certain trends whioh 
consistently ocour during the growth cycle of this fungus. For 
example the lipids of YCWl8 (2 or 3 day) cultures are alaost inYariabl7 
more unsaturated than those of mature cultures, and this 1. 
attributed to the relatively high nitrogen oontent of the culture 
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medium during the early stages of growth; the fact that the oxygen 
concentration is higher in young cultures also probably promotes 
the synthesis of unsaturated fatty acids. The high ~celial lipid 
content of young cultures is probably due to the relatively high 
concentration of carbon souroe during the early stages of growth. 
It was noted that the ~celial lipid content of thermotolerant 
and thermopnilic fungi differed marked~ from that of mesophilio and 
psychrophilic fungi. In the latter the lipid content remained 
fairly constant throughout the incubation period and rarely exoeeded 
2J % of the dry weight. In thermotolerant and thermophilic fungi 
on the other hand, the amount of ~oelial lipid varied with the age 
of the culture, usually reaching a maximum of )O-~ of the dry weight 
in the early stages of the oulture, and falling as the fungus aged. 
A similar observation has been made with the faoultative thermophile. 
Bacillus stearothermophilus and Baoillus coagulans in whioh lipids 
wer"e shown to oompl'ise ti.~ and 12.~ respeotively, of the cell wall 
(Forrester and Wicken 1966). In mesophilic Gram-positive bactel'ia, " 
similar extraction methods showed the cell wall to contain l-~ 
lipid (Salton, 1964). It seems therefore, that in thermophilic 
fungi and also in thermophilic bacteria (in which the lipid is sited 
mainly in the cell wall), the thermophilic habit is associated with a 
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relatively hieh lipid content, and possible explanations for this 
are discussed. 
A number of factors have been reported as stimulating 
fatty acid biosynthesis. Martin and Vagelos (1962) have shown that 
intermediates of the tricarboxYlic acid cycle, particularly citrate 
and isocitrate, stimulate fatty acid biosynthesis in rat and pigeon 
liver, and in lactating mammary gland preparations. Martin and 
Vagelos consider that citrate enhances fatty acid syntheSis probably 
by stimulating the activity of acetyl CoA carboxylase, which catalyses 
the carboxylation of acetyl CoA to maloqyl CoA, and which has been shown 
to be the rate-limiting step in fatty acid biosynthesis ( G~y 1960, 
Lynen ~!!. 1961). 
Inhere is also considerable evidence that in pigeon liver 
and also in ~. coli fatty acid synthesis is stimulated by 
phosphorylated sugars, and to a lesser extent, by inorganic phosphate 
and pyrophosphate (Waki1~ ale 1966). Recently, Plate ~~. (196H) 
showed that the fatty acid synthetase of pigeon liver was s.nsitiv8 to 
inhibition by maloqyl CoAJ however this inhibition could be removed 
by the addition of phosphor.ylated sugars, the most effect of which 
was fructoae 1, 6-diphosphate. 
- 239 -
It is clear that the respiratory intermediates could 
influence the biosynthesis of fatty acids in two w~s, by stimulating 
the activity of acetyl CoA carboxylase or by preventing inhibition 
of fatty acid synthetase. In the case of the latter mechanism the 
levels of phosphorylated sugars and of NADPH are important, since 
reduction of these levels would render the fatty acid ~nthetase more 
susceptible to inhibition by malo~l CoA, with consequent reduction in 
the rate of fatty acid synthesis. 
The increased accumulation of lipids by thermophilic and 
thermotolerant as opposed to mesophilic and psychrophilic fungi, 
might be explained on the basis of the hieher respiratory rate of the 
former fungi. The oxygen concentration of the environment of the 
tbermophilic fungus M. pusillus has been shown to fall to an extremely 
low level, and it is probable that the carbon dioxide concentration shows 
a proportional increase. In thermophiles particularly, such 
conditions might be expected to depress the oxidative phosphorylation 
reactions which occur mainly in the tricarboxylic acid cycle, causing 
accumulation of the intermediates of respirator" metabolism, in 
particular isocitrate, citrate and acetyl CoA, the same conditions 
would also lead to accumulation of NADPH. In thermophiles therefore, 
the partially anaerobic conditions may result in the production at 
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increased levels of acetyl CoA, which is necessary for the 
carboxylation of acetyl CoA to form malonyl CoA, of NADPH, 
which provides reducin6 power for fatty acid synthesis, and 
of certain respiratory intermediates, which have been shown to 
stimulate lipid biosynthesis 
There seems little doubt that a change in the 
environmental temperature of the fungus is associated with a 
change in the decree of unsaturation of the lipidS. In the 
present study this has been demonstr·.ted in experiments when 
psychrophilic, thermotolerant and thermophilic fungi were grown 
at temperatures near to their maxima and minima for growth. and 
also in an experiment where cultures of M. pusillus were 
o 0 transferred either from 50 to 25 , or ~ versa. However, 
the experiments of Harris and James (1968) raise ag~n the 
important question rebarding the lipid composition of 
poikilothermic or;:,£anisms, namely: are tegperature-induced 
lipid chan~es merely a response to the oxygen concentration of 
the environment, or do they have some functional significance? 
Ingraham and his co-workers have provided a considerable 
amount of evidence which suggests that adaptive desaturation is 
not important physiologically. Marr and Ingraham (1962) 
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demonstrated that althouLh the lipids of :t:. coli became 
progressively more unsaturated as the growth temperature was 
decreased from 430 to 100 , the fatty acid composition could be 
modified at anyone temperature by varying the carbon:nitrogen 
ratio of the medium. Shaw and Ingraham (1965) further showed 
that the glucose concentration of the medium can reverse 
temperature-induced desaturation. When cultures of E. coli 
o 0 
were transferred from 37 to 10 the proportion of unsaturated 
fatty acids increased. o However if growth of the 37 cultures 
was continued under glucose-limited conditions, and the 100 
cultures under conditions of unlimiLed glucose, 100 cultures 
had a fatty acid composition similar to that of organism. 
grown at 37°. 
There is also some evidence to suggest that unlike 
other lipid components in the cell the main lipid constituents 
of membrane structures (phospholipids) do not respond to 
alteration in temperature. Kates and Baxter (1962) showed 
that while t;le total lipids of Candida lipolytica grown at 100 
were considerably more unsaturated than those of cultures 
o grown at 25 , the degree of unsaturation of the phospholipids 
was unaffected by temperature. 
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However the temperature-induced response of the 
lipids is of extremely widespread occurrence and the possibility 
of some physiological significance cannot be dismissed. An 
often-used explanation of adaptive de saturation at lower 
temperatures is that the membrane lipids must remain in a 
liquid state, in order to retain activity. Byrne and Chapman 
(1964) showed that phospholipids can exist in two physical 
states, liquid or solid, dependinG on the freezing points of 
their fatty acid side chains. Unsaturated fatty acids have 
a lower freezing point than saturated fatty acids, and the 
presence of unsaturated fatty acid chains has been shown to 
lower the freezing point of phospholipids (Byrne and Chapman 
1964). 
Farrell and Rose (1968a, 1968b) have recently 
obtained some circumstantial evidence for the physiological 
role of unsaturated fatty acids in the membrane lipids ot 
micro-organisms. An investigation of the resistance of 
temperature-adapted strains of Pseudomonas a.rusinoa. to 
sudden chilling ('cold aheck') showed that when mesophilic or 
psychrophilic strains of P. aeruginosa were grown at 300 
they were susceptible to cold shock. However, when these 
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strains were grown at 100 , at which temperature there was 
increased synthesis of unsaturated fatty acids in the 
bacterial membrane, both strains were resistant to cold shock. 
Farrell and Rose suggest that cold shock results from a sudden 
release of cellular consti tU,ents through 'holes' which occur 
in the membrane following 'freezing' of the membrane lipids. 
In cultures of P. a.eruginosa grown at 100 , and not susceptible 
to freezing, they sug, est that cold-shock resistance is due 
to the absence of 'holes' in the membrane because the more 
unsaturated lipids have a lower meltine point and consequently 
do not 'freeze'. 
Farrell and Rose (1968a) in a study of solute uptake 
in Candida uti1is have also obtained preliminary data which 
indicate that the interaction between membrane proteins and 
lipids may be affected by the debree of unsaturation of the 
lipids, and that this in turn may affect membrane activity_ 
It seems therefore that the fatty acid composition of the membrane 
lipids may be important in maintaining the lipid in a suitable 
physical state to ensure correct orientation with permease •• 
The data obtained by Farrell and Rose (summarise. 
by Rose 1968) that in psychrophi1es and mesophi1es a relationship 
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may exist between the fatty acid composition and the lower 
temperature limit for growth. It is temptinL to think that 
the minimum growth temperature of thermophiles also, may be 
that temperature below which chan~es in the molecular 
architecture of the membrane prevent permease activity. 
A number of experiments are required to solve some of 
the problems discovered in this investigation. For instance, 
is it possible, by increasing the oxygen concentration of the 
environment, to induce a thermophile to produce highly 
unsaturated lipids, or conversely, by reducing the concentration 
of available oxygen, to induce a psychrophile to produce 
highly saturated lipids? If the lipids could be modified in 
this way it miGht be taken asevidence that the degree of lipid 
unsaturation is not important in influencing the temperature 
relations of the organisms. 
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5UMYillRY. 
studies have been made on two aspects of the physiology 
of thermophilic fungi in the Order Mucorales, their nitrogen 
nutrition and lipid composition. The main experimental material 
used in these studies was Mucor pusillus. 
Preliminary experiments indicated that growth and 
sporulation of M. pusi1lus were affected by a number of environ-
mental factors. No sporulation occurred when the fungus was 
grown either in shake culture, or in still culture at a 
temperature just below the maximum (£!. 53°). At the optimum 
temperature (£!. 450 _480 ) and in still culture, the amount of 
sporulation was inversely proportional to the concentration of 
nitrogen source in the medium; sporulation was also reduced when 
the pH of the medium was buffered by the inclusion of an organic 
acid. Growth of M. pusillus increased as the concentration. 
of the carbon and nitrogen sources were increased, and when the 
pH of a glucose-ammonium sulphate medium was stabilised by addition 
of sodium succinate. The fungus also grew more rapidly in shake 
culture than in still culture. 
Nutritionally, M. pusil1us proved remarkably versatile, 
being able to utilise inorganic nitrogen sources in sever~ 
oxidation states, and also or~anic nitrogen sources. Nitrate 
supported more growth than the other inorganic nitrogen sourcea 
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tested, while of 29 amino acids presented as single nitrogen 
sources the fungus was capable of growing on all but four, p-amino 
benzoic acid (PABA), hydroxyproline, creatine and thyroxine. 
Glycine, alanine, proline, aspartic acid and glutamic acid 
were the most efficient single amino acids for growth, and 
cysteine, cystine, DOPA, tryptophan and histidine the least 
efficient. Other organic nitrogen sources which supported good 
growth were casein, peptone, glycyl-glycine and urea. 
Generally, buffering the culture medium by the addition 
of sodium succinate reduced the amount of growth of M. pusillus; 
only when ammonia, cystine, methionine or histidine were nitrogen 
sources was growth increased on a buffered, as opposed to an 
unbuffered, medium. 
M. pusillus spored well on a wide range of inorganic 
and organic nitrogen sources; high spore counts were obtained 
when ammonia, glutamic acid, tyrosine, serine, the sulph.r-
containing and basic amino acids, casein, gelatin, peptone and 
urea were nitrogen sources. Buffering tended to reduce 
sporulation both in terms of actual spore counts and of 
"sporulation indices". The exceptionally high "sporulation 
indices" obtained on protein and peptone sources were attributed 
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to the presence of hibh proportions of those amino acids 
favourable for sporulation and of low levels of the amino acids 
favourable for growth. 
Though some broad pattern is seen in the effect of 
different amino acids on vegetative anireproductive growth, and 
some conclusions made, it is not possible to say why some amino 
acids stimulate or inhibit different phases of growth. 
The fatty acid composition of the lipids of some newly 
isolated thermophilic and thermotolerant fungi in the Mucorales 
was compared with that of some psychrophilic and mesophilic 
Mucor species. The optimum growth temperatures were found to 
o 0 0 0 be 40 -50 for the thermophiles and thermotolerants, 20 -25 
for the mesophiles and 100 _200 for the psychrophilea. 
Thermophiles and thermotolerants tended to accumulate 
more lipid than related mesophiles and psychrophiles. In the 
former, lipid usually comprised 30-~ of the total dry weight 
of the mycelium, though the lipid content fell in the later stases 
of growth. In mesophiles and psychrophiles however, lipids 
rarely exceeded 2~fo of the dry weight of mycelium, and this 
concentration was generally maintained throughout the incubation 
period. 
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'l'he fatty acid composition of all the mucoraceous fungi 
examined varied with the age of the culture and with the 
temperature at which it was grown. No significant difference 
was found between the degree of unsaturation of the lipids of 
psychrophiles and of mesophiles. '"hen thermophilic and 
thermotolerant fungi were grown at 480 their lipids were 
significantly more saturated than those of mesophilic and 
h h ·1· f· t 250 • psyc rop 1 1C ung1 grown a At 250 the lipids of 
thermotolerant and mesophilic fungi had similar degrees of 
unsaturation, and though the lipids of tnermophilic fungi were 
more unsaturated at the lower incubation temperature they were 
still significantly more saturated than those of mesophiles 
and psychrophiles. 
As a generality it was noted that in the early stages 
of growth the lipids were more unsaturated in cultures grown 
at a higher rather than a lower temperature. It was considered 
therefore that other factors influence the fatty acid composition 
of the lipids, and an investigation was carried out to define 
the effect of some environment factors on the degree of 
unsaturation of the lipids of M. pusillus. Mucoraceoua fungi 
are particularly suirable experimental material since their 
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fatty acid composition varies little with the age of the culture, 
compared voJi th ascomycete unci basidiomycete fungi. 
It was found that varying the curbon or nitrogen 
source in the raedium affected growth and lipid accumulation, 
but not the fatty acid composition of the lipids of H. pusillus. 
The pH of the medium also had no significant effect on lipid 
composition, except possibly at pH4 at which pH the lipids were 
extremely saturated. 
The carbon:nitrogen ratio of the medium had a marked 
effect on lipid synthesis and composition. As the carbon 
concentration was increased so was the lipid content of the mycelium, 
while increases in the nitro~en concentration were associated with 
increases in the degree of lipid unsaturation. 
fhe lipids of M. pusillus were found to respond to the 
temperature of incubation. The lipids were more unsaturated 
in cultures grown at a lower compared with a higher temperature; 
transfer of cultures from a hiGher to a lower temperature, and 
!i£! versa also resulted in changes in lipid unsaturation. 
Measurement of the partial pressure of oxygen (p02) in the 
mediu* of cultures growing at 250 and 500 showed that at the 
higher temperature at least, the fungus was growing under almost 
completely anaerobic conditions. 
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The possibility that at high temperatures the oxygen 
concentration of the medium may limit the production of unsaturated 
fatty acids was investigated by growing cultures of M. pusillus 
in atmospheres of enriched oxygen. No significant increases 
in degree of lipid unsaturation could be demonstrated even 
when still cultures of M. pusillus were grown in an atmosphere 
of 70};' oxygen and 30% nitrogen. It must be stated however that 
even under conditions of enriched oxygen the culture medium 
was still severely oxygen-deficient, indicating that the mycelial 
mat forms an effective barrier to gaseous diffusion. 
A number of experiments were carried out the aim of 
which was to grow M. pusillus in conditions of submerged, 
aerated culture, so that all parts of the culture could be 
effectively aerated with a synthetic gas mixture. All attempts 
to culture M. pusillus in this \Va'¥> \-lere unsuccessful. 
AF}-LNDIX. 
Date for the growth and sporulation of M. pusillus on 
amino acid nitro~en sources (see Jections 4.21 and 
4.22 for summary). 
Tables A - F, growth and sporulation on single 
amino acid nitrogen sources. 
Tables G - L, growth and sporulation on mixtures of 
amino acids. 
TABLE A. Growth of M. pusillus on unbuffer ed media containing a s ingle amino 
acid as nitrogen source . 
(Growth expressed as mycelial dry weight in mg. /ml . medium) . 
Amino Acid Age of Harvest (hours) Cumul ative Sour ce GroVlth 
24 36 60 84 108 100 
I\) 
* 
\J1 Glycine 0 . 64 I--' 1 . 52 2. 61 3. 40 4· 52 4. 76 17 . 45 
Alanine 0 . 48 * 1 .04 2. 42 3.12 3. 80 4. 75 15 . 61 
Serine 0 0 . 88 * 1.73 2049 2. 82 3. 06 10 . 98 
Threonine 0 0,24 1.30 1.65 * 2. 12 3.06 8. 37 
O( - ABA 1 0 0 . 20 * 1. 30 1. 81 2.04 3. 48 8. 83 
Valine 0 0. 40 1.37 1. 81 * 2. 08 3. 48 9.14 
Norvaline 0 0 .12 0. 68 1.48 * 2. 84 2. f:O 7.72 
Leucine 0 0. 52 1.40 1.96 * 2.72 3. 53 10.13 
Norleucine 0 0. 28 1.10 1.58 1.84 * 3. 68 8. 43 
Isoleucine 0 1. 04 .~~, 1. 36 * 3.76 8. 45 0.24 2.05 - .. - -,-
. 
As'Qutic A.cid \ 0.12 0.80 * 1.04 2.00 'l.EO 3.eo ~ 'I. " 10.36 
::..;;.:;. . 
3.33if 3. 84 
...... ~. Glutamic Acid 1.0.44 1.64 3.88 ~ .. 4.60 ~_ 10 ,.; " 11.73 
I 
-~" ''''''''- l 0 .56 1.76 * 3 . 96 Proline 3. 47 4.70 5.11 ...s~~ "'- '~'l~_ 19.56 
* 3.24 12.25 uginine 0 0.56 2. 36 2. 97 3.12 
* Ornithine 0 0 .20 1.17 2.42 3.07 2. 68 9. 54 
* 1.68 2.72 8.16 Citrulline 0 0. 64 1.00 2.12 
1.48 * 6.88 thionine 0 0 .08 0 . 88 2.03 2. 41 
Cysteine 0 0 0. 56 0. 68 * 3.10 0.76 1.10 
* 
0.76 1.92 Cystine I 0 0 0 0 . 40 0 .76 lXlPA. 2 0 0 0 0 0 0 . 32 0.32 
* 3.76 9. 38 Phenylal anine I 0 0 . 36 1 .08 1 . 88 2. 30 0 . 88 * 2. 84 3. 28 3. 72 12.42 rosine 0 1.70 
Tryptophan 0 0 . 20 0 . 36 0 . 56 1 .12 1.12 3. 36 
* 3. 00 lqsine 0 0 0 0 . 40 0. 60 2. 00 
Histidine 0 0 0 0. 36 0. 44 0. 36 1.16 
p-Aminobenzoic Acid, Bydrarypro11ne, Creatine, Thyrorine. No grmtth. 
1 . - Aminobutyric Acid. 2. 3, 4 - Dibydroxyphenylalanine. 
itr~en source 1n the med ium exhaust ed. 
TABLE B. Sporulation of M. pusillus on unbuffered med ia containing a single amino 
acid as nitrogen source. 
(Sporulation expressed as number of spores x 10-6jml. medium) . 
Amino Acid Age of Harvest (hours). Cumulative 
Source Sporulation. 
24 36 {:JJ 84 108 180 
Glycine 0. 37 1. 42 O.ro * 0.39 0.50 '3.28 
* 
N 
Alanine 0.15 0.36 0.41 0.14 0.25 1.31 \J1 N 
Serine 0 1. 48 0.98 * 0.68 0.89 0.96 4.99 
Threonine * 0 0 .04 0.41 0.34 0.15 0.13 1.07 
O( -ABA 0 0.04 0.45 0.75 * 0.67 0.11 2.02 
Valine 0 0.15 0.22 * 0.06 0.89 0.30 0.16 
Norvaline 0 0.11 0. 66 0.83 * 1.07 0.18 1.85 
Leucine * 0 0.20 0.07 0.24 0 0.51 
Norleucine 0 0.17 0.55 0.96 * 1.05 0.29 3.02 
I soleucine 0 0.16 0.45 0.92 * 0.72 0.44 -;:'I~ L ~''(",,;,~ 2. 69 
Aspart10 Acid t ~0.08-" 0;~6 ~. d . 87! ' .• -: ,~C"("' .. ~0.17 -- 0.97 '.,- r [;i 2 .• 45 \.. . ...., .. ... ... _, " _ _ ~.io _. _ .-
--- * . 4. 48 Glutamic Acid 1. 0.15 1.09 1.18 ..... - -: ... :.a~ .~. 0.36 1.70 I ~_ 
* 
~ W" 0.21 0.22 ' -;t' l k~'''''''-'' • 1 -86 Proline ~.~~..if:.i'-? - O. 38 0.27 ' 0.78 ' -!- .. ~ .Jot¢ ....... ,i-' • 
Arginine 0 0.95 1.29 * 1.36 0.14 0.77 4.51 
* 1.67 0. 81 1.42 6.21 Ornithine 0 0.10 2. 21 
* 0.71 0.27 0.13 3.48 Citrulline 0 1.70 0.67 
* 6.04 Methionine 0 0.06 0.46 1.49 2. 26 1.77 
Cysteine 0 0 0.46 1.02 * 1. 47 2.07 5.02 
* 1.96 3.40 Cystine 0 0 0 0.21 1.23 
DOPA 0 0 0 0 0 0.14 0.14 
Phenylalanine 0 0.06 o.ro 0.65 * 0.66 0.26 2.23 
* Tyrosine 0 1.07 1.71 0.75 0.63 0.19 4.35 
Tryptophan 0 0 . 78 1.06 1.64 * 3.33 0. 88 7.69 
* 1.96 3.43 Lysine 0 0 0 0.21 1.26 
Histidine 0 0 0 0.17 0.19 0.21 0.57 
* 
Ni trogen source in the medium exhausted. 
TABLE C. pH drift of unbuffered media containing a single amino acid 
as nitrogen source, following growth of M. pusillu s . 
Amino Acid Age of Harvest ( hours) . 
Source . 
24 36 60 84 loB 180 
Glycine 6.1 5. 1 5. 0 4. 5 4. 5 
Alanine 6. 1 4. 9 4. 6 5. 0 4. 6 
Leucine 6. 0 4. 3 3. 9 4.1 4. 0 
Isoleucine 6. 3 6. 3 4. 0 4. 0 4. 0 4. 0 
Norleucine 6. 3 5. 7 3. 8 3. B 3. 7 3. 7 
Valine 6. 3 5. 4 3. 9 3 . 9 3. 9 3. 9 
Norva line 6. 3 6. 0 4. 0 3. 6 3. 6 3. 6 
Serine 6. 3 5. 5 3. 6 3. 6 3. 6 3. 6 
Threonine :'~;~1W~ \ ~ 6 • ~ '~', - 6'. 2 n.~ "'-~~3· ~~~4:-"':3 ~;""{i}~:Z, 4. 2 ~~ 4. 2 M l"- ~. ~.'~' ,. ., ,~i!l l,."~ ~)}L "'~'At '1:£.. <~ A "":"1, '~:;l :~~ .~ .. ' ..... \~.. .~. ,; .. 
3 . 6 ~. 3 . 6 . ", 
spartic' Aci.d ~~ 3. 4 ':"":;~ 3'. 51~'5:=- Q;-. 2 r,'~._ ~.~'-""·4~l: ~:;'"~"':b ~;'~,[lf.lt::. .. . ,:~,- 01 • ,,,,\ .. l~  ~ , ~ ..... -~ti ~ , • ~~ • .t,);;'~. :., ",",,.. ... ~ . ie Acid ..;;.,.. .. 6. g roo;,; .. . T. O "'~ 7 .\) , .... . ,... . ".~ . 7. 0 7. 0 
Proline 6. 4 5. 4 5. 4 5. 1 5. 1 
Ar ginine 6. 3 5. 9 3. 5 3. 5 3. 5 3. 5 
Ornithine 6. 3 5. B 3. 2 2. 7 2. 7 2. 7 
Citrulli ne 6. 3 5. 7 5. 4 5. 0 5. 0 5. 0 
Methionine 6. 3 6. 0 3. 4 3. 2 3. 2 3. 2 
Cyste i ne 6. 3 6. 3 4. 7 3. 9 3. 5 3. 2 
Cystine 6. 3 6. 2 6. 3 6. 6 6. 3 6. 5 
DOPA 6. 3 6. 3 6. 3 6. 1 6. 0 5. 7 
Phenyl Alanine 6. 3 4. 8 3. 8 3. 8 3. 8 3. 8 
Tyrosine 6. 2 6.1 4. 6 4. 6 4. 6 4. 6 
Tryptophan 6. 3 5. 7 4.0 3. 8 3. 8 3. 8 
Lysine 6. 3 6. 2 6. 0 4.5 3. 5 3.1 
Histi dine 6. 3 6. 0 6. 0 4. 2 3. 7 3. 7 
N 
\J1 
\.N 
TABLE D. Growth of M. pusillus on buffered media cont aining a single amino 
acid as nitrogen source. 
(Growth expressed as mycelial dry weight in mg./m1 . medium) . 
Amino Acid Age of Harvest (hours) Cumulative 
Source Growth 
36 60 84 108 180 
Glycine 0 .70 2.10 2.64 3.08 3 . 87 12.39 I\) 
\J1 
Alanine 0 . 84 1.38 1.99 2.49 3 .20 
+-
9.90 
Serine 0.60 1.17 1.50 1.90 2. 89 8 .06 
Threonine trace 0.53 1.18 1.50 2.08 5 . 30 
C>( - ABA trace- 1.02 ' 1.44 1.77 3.29 7.55 
Valine 0.13 0.76 1.19 1.60 2 .. 79 6 .47 
Norvaline 0 trace 1.05 1.60 3.35 6.05 
Leucine 0.24 1.06 1.30 1.71 2.85 7.16 
No:cleucine 0.28 0.99 1.25 1.89 2.89 7.30 
Isoleucine 0.24 0.24 0.56 1.22 1.94 4.20 
Aspartic AcidJ 0 . 61" 1.76 :1. . 97 2.64 3.56 '-' 10 . 54 
0 . 72 -1.96 2:.72 3.43 " 3.82 t ~ I \;,. 12 . 35 ... , . 
2 . ~6 -Proline " _~;,..:-~ I u.::-", 0 . 64 1.60 2 . 90 . 3 . 79- d~ . , -"1.: 1l..29 
r 
1 .. 26 
.. 
2.69 - 3.40 If·;' ~"- . 9.39 Arginine 0.12 1.92 
Ornithine trace 0.58 1.·52 2.07 2.49 6.68 
Citrulline 0.12 0.66 1.07 1.36 1.60 5 . 81. 
Methionine trace 0 . 86 1.68 1 . 93 2.87 8 .40 
Cysteine trace 0.56 0.89 0 .94 1.56 4.00 
Cystine 0 0 trace 0.84 1.20 I 2.10 DOPA 0 0 0 0 0.37 0 .40 
Phe~y1alanin 0.12 1.. .. 28 1.96 2.32 3.43 9.11 
Tyrosine 0.04 0.50 1.60 1.87 3 . 08 7 .. 09 
Tryptophan 0 trace 0.28 0 . 73 1.l2 2.15 
Lysine 0 trace 0.24 0.70 2.01 3.00 
Histidine 0 trace 0.16 0 . 46 0.90 1.55 
TABLE E . Sporulation of M. pusillus on buffered me dia conta ining a single 
amino acid as nitrogen source. 
( Sporuation expressed as number of s pores x 10-6/ml • medium) . 
Amin o Acid Age of Harvest (hours) Cumulative 
Source Sporulation. 
36 60 84 108 1 80 
Glycine 0.32 1.20 0 . 40 0.72 0.36 3.00 
Alanine 0.56 1.04 0.44 0.44 0.44 2.92 
Serine 1.32 0.84 0.96 0.76 0.64 4.52 
Threonine 0 0.14 0.54 0.40 0.16 1.24 
C>( - ABA 0 0 . 68 0.44 0.28 0.12 1.52 
Va1ine 0.08 0.08 0.60 0.72 0.88 2.36 
Norvaline 0 0 0 . 32 0.40 0.36 1.18 
Leucine 0 0.80 1.20 0.96 0.36 3.32 
Norleucine 0 0.64 0.48 1-.32 0.28 1.72 
Isoleucine 0 0.12 0 . 40 0.84 0.60 1.96 ~~~,; I F:R;'; 
~ I~L"'i: ,.~..,.-.. .,jr, 
Aspartic Ac~d · r 0.44 0.28 1.60 ~H·1.12 0 .12 
Glutamic Acici 0.24 O.}2·· ~0.80 . 0.28 0 .20 
Proline, ~'i~ 0.20 0.16 0.60 0.16 0 .20 
~~ 
i.... 
., .. , 
~1 
~~..! 1.32 
Arginine 0.08 0.20 0 .. 64 0.52 0 •. 08 1.52 
Ornithine 0.12 1.08 1.72 1.56 1.28 5 . 76 
Citrulline 0 1.06 1.85 1.61 1.52 6.04 
Methionine 0 0.44 0.80 0.32 0.36 1.92 
Cysteine 0 0 .14 0 .. 72 0.68 0.24 1.78 
Cystine 0 0 0 1.12 1.13 2.25 
DOPA 0 0 0 0 trace trace 
Tyrosine 0.16 0.16 1.88 <454 0.57 3.31 
Tryptophan 0 0.20 0.20 0.36 0.48 1.24 
Phenylalanine 0.08 0.28 0 . 76 0.32 0 . r6 1-.50 
Lysine 0 0 0.08 0 .16 0.36 0.60 
Histidine 0 0 0.20 0 .28 0 . 32 0 . 80 
N 
\Jl 
\Jl 
TABLE F . pH drift of unbuffered medi a conta ining a s ingle amino acid 
as n i trogen s ource, following growth of M. pusillus . 
Amino Acid Age of Harvest (hours) . 
Source . 
36 60 84 108 180 
Gl ycine 5. 97 6. 10 6. 56 5. 60 5. 65 
Al anine 6. 03 6. 00 5. 58 5. 60 5. 60 
Leucine 6. 07 6. 00 5. 60 5. 62 5. 60 
Isoleucine 6. 30 5. 90 5. 80 5. 70 5. 70 
Norleucine 6. 35 5.70 5. 10 5. 07 5. 07 
Valine 6.10 5. 70 5. 60 5. 65 5. 63 
Norvaline 6. 30 6. 10 5. 55 5. 45 5. 40 
Serine 5.90 5. 76 5. 60 5. 45 5. 42 
~.~:., . 
5. 52 
5.53 
~;;{~~ . 
Glutamic Acid 6. 20 5.92 5. 73 6.00 6. 02 
Proline 5. 98 5. 62 5. 46 5. 52 5. 56 
Ar ginine 6. 22 5. 68 5. 45 5. 53 5. 50 
Ornithine 6. 20 5. 83 5. 60 5. 63 t> . 63 
Citrulline 6. 40 6. 50 6. 90 6. 50 6. 55 
Methionine 5 . 80 5. 46 5. 00 4. 85 4. 80 
Cysteine 6 . 07 5. 75 5. 60 5. 70 5. 65 
Cystine 6. 20 { . 10 6. 30 6. 50 6. 60 
DOPA 6. 40 6. 40 6. 32 6. 00 5. 92 
Phenylalanine 6. 00 5. 75 5. 43 5. 43 5. 40 
Tyrosine 6.25 6. 00 5. 80 6. 00 5. 92 
Tryptophan 6. 40 6. 26 5. 75 5. 48 5. 66 
Lysine 6 . 40 6.16 5. 75 5. 47 5. 16 
Histidine 6. 40 6. 23 5. 60 5. 26 5. 20 
f\) 
V1 
(]\ 
TABLE G. Growth of M. pusillus in unbuffered media with mixtures of 
amino acids as nitrogen sources . 
(Growth express ed as mycelial dry wei ght in mg. /ml . medium) . 
Amino Acid Age of mycelial harves t (hours) Cumula tive 
omitted from growth 
complete 24 48 72 120 192 
mixture . 
Glycine 0 .16 1 . 00 1 . 45 2 . 12 2 . 06 4 . 51 rv \Jl 
---.) 
Alanine 0 . 10 1 . 10 1. 77 2 . 38 2.25 5 . 12 
Serine 0 . 13 1 . 06 1 . 54 2 . 26 2 . 25 4 . 85 
Threonine 0 . 08 0 . 85 1.50 2 . 32 2 . 06 4 . 41 
0< - ABA 0 . 12 1.00 1.65 2 . 18 2 . 32 4 . 97 
Valine 0 . 33 1.06 1.50 1 . 94 2 . 05 4 . 61 
Norvaline 0 . 00 1 . 06 1.42. 1 . 74 2.18 4 . 96 
Leuc ine 0 . 25 1.25 1.48 1 . 98 2 .13 4 . 86 
Norleucine 0 .24 1.16 1.55 2 .22 2.27 4.98 
Isoleucine 0.18 1.12- 1.55 2.22 2.03 '0..-:--;,. .. • I:·.r-~ 4 . 70 ~~.{ (, !f"" 
0.20 1.05 1.52. -2 .20 ·2.05 . ...;.\~~~-~ ..-~~~ 4.62. ~ 
~--
cid I 0 .21 1 .02 . 1 .• 49 2.16 ~ 2.12 .' )', , 4 . 63 
Prol ine ~k · ... , " •• '6;I~,.t;..,...~.;.. -0 .12 ..o . 9b . ~~~.41 2.28' 2;08 ..ii-, "J 4.}9 
Ar ginine 0 .13 1.16 1.48 2.24 2.04 4 . 68 
Ornithine 0.16 0 . 98 1.40 2.18 1.94 4 . 32 
Citrulline 0 .13 1.1} 1.56 2.10 2.25 4 .94 
Methionine 0 .10 1.04 1.50 2.30 2.n 4 .75 
Cysteine 0.08 1.06 1.50 2.28 2.21 4 . 77 
Cystine 0.26 1.14 1.56 2.28 2..08 4 . 78 
DOPA 0 .42 1. 61 2.22 2.73 3.03 6 . 96 
Phenylalanine 0.20 1.17 1.54 2.16 2.18 4 . 89 
Tyrosine 0 .42. 1.18 1.69 2.22 2.18 5 . 05 
Tryptophan 0 .32 1.14 1.60 2.16 2.08 4 . 8z. 
Lysine 0.13 1.09 1.65 2.32 2 .4z. 5 . 16 
Histidine 0..39 1.01 1.56 2.16 2.12 4 . 79 
Complete 0.34 1.08 1.64 1.74 2.52 5 . 24 
Mixture. 1. 
Complete 0 .13 1.14 1. 64 1.78 2.29 5 . 17 
Mixture 2. 
TABLE H. Sporulation of M. pusillus in unbuff e red media with amino acid 
mixture s as sourc e~ of nitrogen . 
( Sporulat ion expr essed as numb er of spores x 10- 6/ ml • med i um) . 
Amino Acid 
omitted f rom 
complete mixture . 
Glycine 
Alanine 
Serine 
Thr eonine 
0< - ABA 
Valine 
Norvaline 
Leucine 
Nor leucine 
Isoleucine 
Aspartic Acid 
Glutamic Acid 
Proline 
Arginine 
Ornithine 
Citrulline 
Methionine 
Cysteine 
Cystine 
nop 
Phenyl alanine 
Tyros i ne 
Tryptophan 
Lysine 
Histidine 
Complete Mi xture t 
Complete Mi xture 2 
24 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
0.18 
o 
0. 24 
0 . 10 
o 
o 
o 
o 
Age of mycel i al harvest(in bours) 
48 
0. 48 
0 . 44 
0 . 64 
0 .10 
0. 94 
0.31 
0.20 
0.87 
1.16 
0. 30 
0 . 71. 
1.14 
0. 21 
0. 28 
0. 40 
0. 63 
0 . 85 
0 . 25 
0 . 86 
1 . 00 
0 . 93 
2. 03 
0 . 90 
0 . 36 
0 . 44 
0 . 58 
0. 56 
72 
1. 33 
0. 65 
1.67 
0 . 70 
0 . 84 
0 . 80 
0 . 42 
0 . 67 
1. 50 
1.16 
1. . 26 
0. 49 
0 . 68 
0. 21 
1 . 12 
1 . 22 
1.17 
0 . 71 
0. 84 
1 . 62 
0 . 70 
1 . 75 
0 . 70 
0. 32 
0 . 33 
0 . 34 
0. 74 
120 
0. 90 
0 .19 
0 . 78 
0 . 81 
0.44 
0 . 99 
0 . 44 
0 . 94 
1. 14 
0 . 71 
0 .74 
0. 85 
0. 97 
0 . 46 
0 . 93 
1.04 
0 .84 
0 . 66 
0 . 71 
1. 22 
0. 59 
1 . 54 
1. 43 
0. 38 
0. 52 
1. 18 
1. 24 
192 
0. 59 
0. 59 
0. 24 
0. 47 
0.18 
0. 40 
0. 18 
0. 66 
0. 37 
0 . 83 
0 . 65 
0 . 50 
0. 24 
0 . 62 
0 . 89 
0 . 36 
0 . 53 
0 . 69 
0.88 
0 . 64 
0. 88 
0. 46 
0. 26 
0. 14 
0. 40 
0 . 72 
2. 14 
Cumulative 
SpdtulMion. 
3. 38 
1. 87 
3. 33 
a. 08 
2 . 40 
2. 50 
1. 24 
3.14 
4.17 
3. 00 
3 . 36 
2. 98 
2.10 
1 . 57 
3. 34 
3. 05 
3. 39 
2. 31 
:5. 29 
4. 76 
3. 10 
6. 02 
3. 49 
1.20 
1. 79 
3. 82 
4. 78 
N 
\Jl 
ex> 
TABLE 1. pH drift of unbuffere d media with mixtures of amino acids as 
sources of nitrogen, followin g growth of M. pusillus . 
Amino Acid Age of Harvest (h ours) . 
omitted from 
comple te mixture . 24 48 72 120 192 
Glycine 5. 6 3. 9 4. 0 3. 8 3. 5 I\) 
V1 
5. 8 3. 8 
\D 
Al anine 4. 0 4. 0 3. 5 
Leucine 5. 0 3. 7 3. 8 3. 8 3. 3 
Isoleucine 5. 5 3 .. 8 3 . 9 3. 5 3.4 
Norleucine 5. 0 3. 8 4. 0 3. 7 3. 6 
Valine 5. 0 3 .. 9 3. 9 3.7 3. 6 
Norvaline 6. 4 5. 8 4.8 5. 4 5. 3 
Serine 5. 7 3. 9 4. 0 3. 8 3. 6 
Glutamic Acid 5. 6 3.9 4. 0 3 .. 6 3. 4 
Proline , . 7 4.1 4. 0 3. 7 3. 6 
Arginine 5. 8 4. 0 4. 0 3. 8 3. 6 
Ornithine 5. 6 4. 0 3. 9 3. 9 3. 7 
Citrulline 5. 1 4 . 0 4. 0 3. 7 3. 5 
Methionine 5. 8 4. 1 4. 2 3. 9 3. 7 
Cysteine 5. 4 4 . 2 4. 4 4. 2 4. 0 
Cystine 5. 4 3 . 9 3. 9 3. 6 3. 5 
DOPA 5. 2 4.1 3. 8 3. 7 3. 5 
Phenylalanine 5. 5 3. 9 3. 9 :5 . 5 3. 4 
Tyrosine 3. 9 3. 6 3. 4 3.1 2. 9 
Tryptophan 5. 5 4. 1 4. 0 3. 6 3. 5 
Lysine 5. 6 4. 0 4. 0 3. 8 3. 6 
Histidine 5. 2 4. 0 4. 0 3. 8 3. 6 
Complete Mixture 1. 5. 0 4. 0 4. 0 3. 8 3. 5 
Complete Mixture 2. 5. 2 3. 9 3. 9 3. 6 3. 5 
TABLE J . Gro", th of M. pusillus in buffered media with amino acid 
mixtures as sources of nitrogen . 
(Growth expressed as mycelial dry weigh t in mg. /ml . medium) . 
Amino Acid Age of Hyce1ial Harvest (in hours) Cumulative 
omitted from Growth 
complete mixture 48 72 96 144 192 
Glycine 0 . 48 1 . 22 1. 52 2 . 31 3 . 05 4 . 75 
N 
0' 
lanine 0 . 52 1 . 29 1.71 2 . 41 2 . 99 4 . 80 c. 
Serine 0 . 47 1 . 47 1.57 2 . 39 3 . 14 5 . 08 
Threonine 0 . 30 1 . 05 1.75 2 . 55 3 . 18 4 . 53 
O(- ABA 0 . 33 0 . 74 1. 54 2 . 16 3 . 15 4 . 22 
Valine 0 . 48 1 . 22 1 . 46 2 . 49 3 . 14 4 . 84 
Norvaline 0 . 52 1 . 27 1.74 2 . 29 3 . 07 4 . 86 
Leucine 0 . 60 1.33 1. 54 2 . 52 2 . 91 4 . 84 
Horleucine 0 . 48 1 . 16 1.59 2 . 39 3 . 08 4 . 72 
Isoleucine,,:'" ~ -~"',e<" 1 0 . 51 '_',:,;-1 . 41 .'.'. ", 1 . 58' ~ 2 . 48 : 3 . 0L ~ T 4 . 93 I 
::.,!-\ 
~. 
. -..' 
-w ~ ~. 
2. . 07 ,o~""2.';7?~ ~- -'''~ 4- '~ ~? 0 . 4-4- ", ;- 0 . 96 . - 1. . 44 . 
0 . 33 o. Bo 1 . 42 2 . 28 . 2 . 88 ... ' 4 . 01 
oline 
__ • _ ~_.~ _________ c 0 . 40 0 . 64 " 1 . 24 2 . 29 
ginine 0 . 32 0 . 70 1.44 2 . 24 2 . 95 4 . 07 
Or nithine 0 . 34 0 . 84 1.45 2 . 31 2 . 99 4 . 17 
Ci trulline 0 . 47 1 . 15 1 . 79 2 . 46 3 . 10 4 . 72 
Methionine 0 . 45 1.20 1.48 2 . 40 2 . 82 4 . 57 
Cysteine 0 . 27 0 . 98 1.49 2 . 21 3 . 25 4 . 50 
Cystine 0 . 60 1 . 22 1 . 52 2 . 30 3 . 17 4 . 99 
DOPA 1. 81 2 . 78 2 . 52 3 . 0L 3 . 60 7 . 19 
Phenylalanine 0 . 28 0 . 88 1.50 2".J.I 2 . 97 4 . 23 
yrosine 0 . 40 1 . 33 1 . 40 2 . 15 3 . 12 4 . 95 
Tryptophan 0 . 43 1.09 1 . 49 2 . 40 3 . 18 4 . 70 
Lysine 0 . 61 1.43 1 . 61 2 . 42 2 . 75 4 . 79 
Hi stidine 0 . 40 0 . 78 1.32 2 . IH 3 . 31 4 . 49 
Complete Mixture 1 0 . 33 0 . 68 1 . 35 2 . 23 3 . 15 4 . 16 
Complete Mixture 2 0 . 29 0 . 75 1.41 2 . 39 3 . 40 4 . 44 
TABLE K. Sporulation of M. pusillus in buffered me dia 'vii th amino a cid 
mixtures a s source s of nitrogen . 
( Sporulation expressed a s number of s pores x 10-6/ml • medium ) . 
Amino acid Age of mycelial ha rvest ( in hours ) Cumul at ive 
omitted from Sporulati on. 
complete mixture. 48 72 96 144 192 
Glycine 0 0 0 . 20 0 .24 0.38 0 . 8 2 
Al a nine 0 0 0 . 24 0. 34 0 . 32 0.90 I\) 0' 
b-' 
Serine 0 0 0.10 0. 32 0 .18 0 . 60 
Threonine 0 0 0. 52 0.48 0.28 1.28 
o( - ABA 0 0 tra ce 0.29 0.26 0 . 60 
Valine 0 0 0.14 0 .21 0.44 0.79 
Norvaline 0 0 0.15 0.19 0.25 0.59 
Leucine 0 0 0 . 0 8 0 . 33 0.34 0.75 
Norleucine 0 0 0 .25 0.34 0.68 1 . 27 
Isoleucine ":i13~ 0 ~;--~~t 0 ~-:''7''~'- 0 . 08- .. ~ 0.18 0 . 50 0 . 76 
~ 
0 . 68 Aspartic Acid :~,1 I 0 \_-tf~,~ 0 ~?~~ 0.05 -, 0 . 30 ;~ 0 . 33 
""I '~ :;;;.::.~ .~ -2,r __ ;.: 
=:;, - 1Il",-
Glutamic Acid ~~-: : 0 :~;".~~. J~ 0 ,-' 0~.17 0 .13 0~37 0 . 67 ~, 
, ~ 
~ I • 
0.18 
_ _ 1 
0 . 45 Proline 0 0 0 . 05 0 . 22 
Ar ginine 0 0 0 .14 0 . 20 0 .22 0 . 56 
Ornithine 0 0 0 0 .29 0 . 36 0.65 
Citrulline 0 0 0 .13 0 .24 0.20 <1.57 
Methionine 0 0 0.10 0 . 36 0.36 0.82 
Cysteine 0 0 0.17 0.17 0 . 24 0 . 58 
Cystine 0 0 0.13 0 . 65 0.57 1.35 
DOPA 1.44 0 . 92 0 . 84 0 . 76 0 . 38 4 . 34 
Phenylalanine 0 0 trace 0 . 12 0 . 26 0 . 40 
Tyrosine 0 0 trace 0 .13 0 . 24 0 . 40 
Tryptophan 0 0 0 . 17 0 .. 29 0 . 37 0 . 83 
Lysine 0 0 . 09 0 .13 0 . 21 0 . 34 0.77 
Histidine 0 0 trace 0 . 21 0 . 28 0.55 
Complete mixture 1 0 0 0 . 05 0 . 26 0 . 17 0 . 48 
Complete mixture 2 0 0 0.08 0 .26 0 .26 0 . 60 
TABLE L. pH drift of buffered media conta ining mixtures of amino acids 
as sources of nitrogen , following growth of ~usillus . 
Amino Acid Age of Harvest (hours) 
omitted f rom 48 72 96 144 192 
complete mixture . 
Glycine 5. 95 5. 80 5. 85 6. 20 6. 70 
Al anine 5. 95 5. 85 5. 75 6. 15 6. 65 £\) 0"\ 
£\) 
Leuc i ne 5. 95 5. 85 5.75 6. 50 6. 65 
Isoleucine 6. 05 5. 85 5. 70 6. 30 6. 65 
Norleucine 6. 10 5. 80 5.70 6. 00 6. 45 
Saline 6. 00 5. 75 5. 80 6. 20 6. 55 
Norvaline 6. 05 5. 80 5. 50 6. 35 6. 55 
Serine 6. 00 5. 80 5. 50 6. 30 6. 65 
Threonine 6.13 5 .. 80 5. 60 6. 20 6. 55 
0( -
Ar ginine 6. 05 6.00 5. 75 5. 95 6. 50 
Ornithine 6. 03 5. 90 5. 65 6. 05 6. 50 
Citrulline 5. 96 5. 80 5. 65 6.05 6. 60 
f-1e thionine 5. 97 5. 80 5. 70 6. 20 6 . 5~ 
Cysteine 6.18 5. 90 5. 70 6.05 6. 60 
Cystine 5.78 5. 80 5. 70 6. 30 6. 60 
DOPA 5. 85 6. 05 6. 35 6 .. 45 6. 65 
Phenylalanine 6.03 5. 80 5. 60 5. 85 6. 50 
Tyrosine 5. 95 5. 90 5. 05 5. 85 6. 60 
Tryptophan 5. 90 5. 80 5. 60 6.10 6. 65 
Lysine 5. 95 5. 80 5. 50 6. 30 6. 65 
Histidine 6. 06 5. 85 5. 80 5. 80 6. ;'5 
Complete Mixture 1. 6. 05 5. 85 5. 55 5. 70 6. 25 
Complete Mixture 2. 6 .. 10 5. 90 5. 50 5. 80 6. 60 
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